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The use of chlorine and chlorine compounds as metallurgical 
reagents has long been known to the metallurgical industry. Recent 
developments in corrosion resistant metals and alloys as well as new 
equipment and techniques have lead to a revival of chlorine processes. 
Many of the objections to the use of chlorine in metallurgical opera-
tions have been overcome and many are being reconsidered, as evidenced 
by the new processes in which chlorine and chlorides are the primary 
reagents. The Betterton process employes chlorine or lead chloride 
1 2 3 
for the dezincing of lead. Ductile zirconium and titanium have 
been made by reducing their chlorides with magnesium. Patents have 
been assigned to the Cerro de Pasco Copper Corporation which cover the 
treatment of bismuth with chlorine or chlorides to remoye lead and 
4 
zinc. 
l J. o. Betterton, "Chlorine Dezincing in Lead Refining," 
A.I.M.E. ~· Pub. 504:1-9, 1933. 
2 w. J. Kroll, A. w. Schlechten, and L. A. Yerkes, "Ductile 
Zirconium from Zircon Sand,"~· Electrochem. ~., 89:269, 1946. 
3 w. J. Kroll, "The Production of Ductile Tit~um," Trans. 
Electrochem. ~., 78:;7, 1940. · ----
4 w. c. Smith and P. ltE.ck Jr. u. s. Pat. 1,816,620, Feb. 6, 
1929; T. H. Donahue,· U. S. Pat. 1, 778,292, July 8, 1929; W. C. Smith, 
U. S. Pat. 1,870,388, Jan. 21, 1931. · 
2 
Various methods of preparing metal chlorides have been proposed 
Some chlorides are formed by the direct combination of a metal or 
alloy with chlorine. Others are formed by the action of chlorine on 
5 
metallic oxides. Carbon and other reducing agents can be employed to 
6 
reduce metal oxides and promote chlorination. 
Chlorides react with metallic oxides, sulfides, and silicates 
to form new chlorides. These reactions were the basis for chloridiz-
ing roasting operations. Roasting was usually carried out in an 
oxidizing atmosphere. Under these conditions only those chlorides 
which could resist oxidation, such as chlorides of gold, silver, lead, 
7 
zinc, arsenic, antimony, and copper, could be formed. Generally the 
chlorides were removed from the calcine by leaching with water or 
sodium chloride solutions. In some operations the roasting tempera-
8 
ture was increased to vaporize the chlorides from the calcine. 
Many difficulties, economical as well as technical, were en-
5 P. Galmiche, "The Chlorination of Some ~tallic Oxides,"Ann. 
~· 12:250, 262, 1948; Charles G. M:l.ier, "Possibilities of DrY Ciilor 
ination of Oxidized Zinc Ma.terials," ~· and Min. ~., 115:51, Jan. 
l'-1-·-.1923; E. Hayek and T. Kraus, Austrian Pat., 167,009, abstracted by 
~· ~., 46:77266, 1952. -
6 L. M. Pidgeon and N. w. F. Phillips, "The Production of An-
hydrous Magnesium. Chloride," Trans. Electrochem. Soc. 178:91-115, 1940 
F • K. McTaggart, "Mineral-Chlorrnation Studies, 1:-Production of TiCl.4 
from Rutile Sand," J. Council Soc. Ind. Research, 18:5-26, 1945, 
abstracted by ~.-Abst., ;9:;127,-r945. 
7 W. J. Kroll, "Chlorine ~tallurgy - Part 1," :tetal Ind., 81: 
245, Sept. 1952. - -
8 T. Varley, et. al, "The Chloride Volatilization Process of 
Ore ireatment," ~· Mines Bul. 211, p. 2, 1923. 
3 
countered in cbloridizing roasting. Large volatilization losses were 
noted in low temperature operations. In some high temperature process 
es volatilization was incomplete. Often the chloride fumes were in-
efficiently removed from the flue gases by the conventional methods. 
Textile bag filters were efficient, but were difficult and ex.pensive 
to operate, owing to the corrosive nature of the flue gases and fumes. 
Washing and scrubbing operations failed to remove the chlorides. The 
chloride volatilization process became economical when electrost$tic 
9 
precipitators were employed to recover the fume. Chloridizing roast-
ing bas probably produced more metallic chlorides than any other pro-
cess. Due to the many difficulties encountered, its use in extractive 
metallurgy bas declined. 
With the advent of new techniques and materials and With the 
availability of inexpensive chlorine it may be worthwhile to recon-
sider some of the discarded theories and processes. 
Double decomposition reactions similar to the ones employed in 
chloridizing roasting may be conducted under an inert atmosphere or 
under a vacuum to eliminate the effect of air. If oxygen is removed 
from the reaction zone many additional elements may be cbJ.orinated. 
The utilization of vacuum in metallurgical processes has grown 
rapidly Within the past fifteen years. Prior to World War II the use 
ot vacuum was restricted to the laboratory. Pidgeon's vacuum process 
for the ferrosilicon reduction of dolomite resulted from the demand 
9 ~., P• 95• 
4 
10 
for magnesium during this war. With the application of vacuum to 
this process magnesium was produced in a non oxidizing atmosphere and 
the rate of volatilization of the metal was increased due to its rapid 
diffusion from the reaction zone. 
In addition to the Pidgeon process other commercial processes 
have been developed in which vacuum techniques are utilized. Vacuum 
11 
dezincing of lead has been found commerically successful. Zinc has 
12 
been removed from Parkes' process crusts by vacuum distillation. 
In almost every application the use of vacuum has increased the rate 
of' reactions and permitted the reactions to be carried out at a lower 
temperature. 
The objects of this investigation were twofold; (1) to apply 
high temperature vacuum techniques to the preparation of' metallic 
chlorides by double decomposition reactions between a chloride such as 
calcium chloride and a metallic phosphate, silicate or oxide and to 
separate the newly f'ormed chlorides from the products of the reaction 
10 L. M. Pidgeon and w. A. Alexander, "Thermal Production of 
Magnesium - Pilot Plant Studies on the Retort Ferrosilicon Process," 
Trans. A.I.M.E., 159:315-52, 1944. 
-
11 W. T. Isbell, "Vacuum Dezincing in Lead Refining," Trans. 
A.I.M.E., 182:186-196, 1949. 
12 A. w. Schlechten and R. F. Doelling, "Vacuum Treatment of 
Parkes' Process Crusts on a Pilot Plant Scale," Trans. A.I.M.E., 191: 
327-330, April, 1951. 
5 
, 
by volatilization and condensation; (2) to observe the effect of 
adding non volatile, stable oxides to the metallic oxide-chloride 
reactions and to compare these effects to the predictions that may 
be made on the basis of thermodynamic data. Chemical, spectroscopic, 
optical and x-ray diffraction methods were employed to analyze the 
condensates and residues resulting from the reactions. 
CHAPl'ER II 
REVIEW OF THE LITERATURE 
A large number of articles have been written concerning the 
role of chlorine in metallurgy. Many processes have been investi-
gated, some have been successful., and many have failed. A short 
resume of some of the more important publications will be given. 
History. The first recorded use of chlorine in a metallurgical 
process was in 154o. At that time it was utilized to obtain silver 
1 
from an ore. One of the first references to complete volatilization 
of a chloride was made in 1848, in which compounds were chlorinated by 
mixing them With amioonium chloride and heating the mixture to a red 
heat. The chlorides of arsenic, antimbny, tin, and lead were complete 
ly volatilized. The primary purpose of the investigation was to de-
velop a method of quantitatively analyzing a compound by chlorinating 
2 
and volatilizing one of the constituents. 
Chlorine, in its early applications as a metallurgical reagent, 
was used primarily for the extraction of gold and silver from ·their 
ores. Later copper was extracted from copper-silver sulfide ores by 
1 J. Perry, Metallurgy:Silver 2 Gold, London, 188o, p. 560. 
2 Heinrich Rqse, "Ueber die Anwendung des Salmiaks in der 
Anal.ytischen Chemie,"~· Phy. und ~., 1849, p. 562. 
7 
chlorinating them With 'Sodium chloride and then leaching the hot cal-
cine with water. The silver and copper were precipitated from the 
3 
lixivant with zinc and scrap iron. Guenther describes a process in 
which zinc was chlorinated with sodium chloride; hot calcines were 
4 
leached with water and the zinc extracted by electrolysis. Another 
process for recovering zinc has been described. It consisted of 
chlorinating zinc sulfide ores with chlorine, refining the chloride 
by precipitating the iron, lead, silver, copper, nickel, cobalt, 
cadmium, etc., with coarse zinc powder, and electrolytically recover-
ing zinc and chlorine from the zoolten zinc chloride. The chlorine was 
5 
reused in the chlorinating process. 
Metallurgists who were familiar with chloridizing roasting knew 
that large percentages of gold chloride and some silver, lead, and 
copper chlorides were lost by volatilization in the roasting operation 
In order to minimize these losses the lowest possible roasting tempera 
tures were employed. In some cases the loss of gold alone prohibited 
the use of this operation. Pohle and Croasda.le, in 1896, suggested 
that the metal chlorides formed by a chlorinating roast may be com-
3 M. Eissler, The Hydrometallurgy of Copper, (London: Crosby 
Lockwood and Sons, l~PP• 85-86. -
4 E. Guenther, "Electrolytic Zinc Extraction by the Hoepfner 
Process,"~· ~ ~· ~., 75:750, ~Y 16, 1903. 
5 E. A. Ashcroft, "Chlorine Srelting with Chlorides Electro-
lysis," Inst. Min. ?et. Bul. No. 350, 65 pp~, 1933. 
-----
8 
pletely volatilized and collected from the flue gases. They con-
ducted a series of experiments to determine to what extent metal 
chlorides could be volatilized during a chlorinating roast. When the 
temperature was raised to 1050°C. approximately 90 per cent of the 
gold, silver, copper, and lead chlorides were vaporized from the 
calcine. Complex lead-zinc sulfide ores were chlorinated and volati-
lized. A fairly good separation of lead from zinc was obtained as 90 
per cent of the zinc remained in the calcine and almost all of the 
6 
lead was removed. Due to national economic difficulties many plants 
using chlorination processes were permanently closed and many chloride 
research problems were abandoned. 
Renewed interest in chlorine metallurgy bas been shown in the 
past fifteen years. ~ of the new processes utilize gaseous chlorinE 
or hydrogen chloride as chlorinating a.gents. 
Gaseous Chlorine !:!. Chlorinating Agent. Ferrochrome containing 
carbon has been treated with chlorine gas at temperatures above l000°C. 
so that the chromic chloride that forms is practically completeiy 
7 . 
volatilized. Silicon tetrachloride has been prepared by passing 
chlorine gas over a mixture of 90 per cent silicon and silicon carbide. 
Titanium tetrachloride was also prepared by conducting chlorine over 
6 Stuart Croasdale, "Volatilization of ~tals as Chlorides," 
~· !.!!!. ~· ~., · 76:312, Aug. 29, 1903. 
7 I. G. Farbenind, Ger. Pat. 663,711, Aug. 12, 1938, abstracted 
iby ~· ~., 32:9415?, 1938.-
9 
titanium carbC>ni tride containing 70 to 75 per cent titanium. Tin was 
found to react with chlorine at 100° to 114 °C. Antimony trichloride 
has been prepared by exposing metallic antimony to chlorine in a water 
cooled chamber. Chlorine has been injected into molten zinc at 500°c. 
to f'orm zinc chloride. The chloride, having a lower density than zinc 
8 
was tapped f'rom the surface. Manganese and ferroma.nganese have been 
9 
treated with chlorine gas to produce ma.nganous chloride. 
A very recent investigation was conducted in Europe concerning 
10 
the chlorination With chlorine of ores and industrial wastes. Par-
ticular emphasis was given to those ores and residues containing 
tungsten, molybdenum, and vanadium. Tungsten ores (scheelite and 
wolf'ramite) and industrial wastes were easily chlorinated with 
chlorine and the tungsten chloride or oxychl.oride volatilized. This 
etf ected a good separation of the tungsten from all non volatile pro-
ducts. By treating the sublimated chlorides with hot hydrochloric 
acid the tungsten chloride was converted into tungstic acid. M?lyb-
denum. was volatilized by chlorination w:f.. th chlorine from its most im-
portant ores and from industrial residues. Due to its high vapor 
8 P. s. Brallier, "The Chlorination of' letals, .. Trans. Am. 
Electrochem. ~., 49:257, 1926. -
9 A. L. Hock and J. A. Dukes, Brit. Pat. 68o,710, Oct. 8, 1952, 
abstracted by Chem. Abst., 47:45611.g, 1953. -
--
10 H. Funk, Chr. Ml.ller and J. To~, "Abtremnmg und 
Reindarstell'Ullg von M!tallverbindungen Durch Chlorieruzlg von Eisen 
und Technischen Ruckstanden," Chem. Teck., 5 :530, 1953· 
10 
pressure the _molybdenum chloride was almost completely separated from 
the other materials. Vanadium was also chlorinated With chlorine and 
almost completely volatilized. When chlorine alone was utilized as 
the chlorinating agent for iron (III) oxide the iron chloride was 
volatilized at 900°c. A mixture of hydrogen chloride and chlorine 
gases permitted the volatilization to take place at 200° to 300°C. 
Pure manganese chloride was obtained by chlorinating manganese-iron 
minerals and industrial wastes. Separation of chromium chloride f;rom 
iron-chromium compounds as well as chromite was effected by chlori-
nation and volatilization. Iron was separated from bauxite by chlori-
nating with chlorine. A complete separation was impossible although 
95 per cent of the iron was removed. The separation of iron from zir-
conium by selective chlorination was found possible in the case of 
baddeleyite and ' synthetic oxides. 
A mixture of chlorine gas and air or oxygen has been utilized 
to selectively chlorinate zinc and lead sulfide concentrates and 
ll 
simultaneously to prevent the chlorination of iron. The zinc and 
lead chlorides were volatilized at 650° to 750°c. leaving behind the 
unchlorina.ted iron. Franklini te was also chlorinated in an atmosphere 
of oxygen and chlorine at 750°c. The manganese and iron chlorination 
was effectively stopped in the presence of the oxygen in the chloride 
stream whereas the zinc was chlorinated and almost completely volati-
lized. 
11 John s. Sieger and Colin G. Fink, "Extracting Zinc from Con-
centrates by Chlorination,"~· and Min. Jour., 155:931 Oct., 1954. 
11 
Bismuth has been obtained from sulfide ores containing 37.5 pe 
cent bismuth by the action of a strong current of chlorine gas. Afte 
the ore was chlorinated at 500°C. bismuth chloride was volatilized by 
12 
raising the temperature to 700°c. 
Gaseous liydrogen Chloride !:.!!. Chlorinating Agent. Iron, iron-
manganese, and manganese oxide ores and compounds have been chlori-
nated, at 700° to 900°c., by the action of gaseous hydrogen chloride. 
Conversions of 99 per cent of the iron and manganese were reported. 
The iron chloride was subsequently reduced by hydrogen or a mixture 
13 
of hydrogen and carbon monoxide. Alloys of copper and tin have been 
decomposed by chlorinating them with hydrogen chloride gas. Due to 
the difference in their vapor pressure the tin chloride was volati]Jzed 
14 
from the copper chloride at 300° to 400°C. 
Reduction Chlorination. New uses for rare metal~ have neces-
sitated their production in .large quantities. Many of these metals 
12 Raluca Ripan and Can.din Liteanu, "A New Procedure for the 
Prepara1fion of Eismuth from Sulfide Ores," Acad. Rep. Populare Romane, 
Bul. Stunt. Ser. Mat • . Fiz. Chim., 2,257-68, 1950, abstracted by Chem. 
~., 45:8949b, 195~: . -
" 13 E. Di~pshlag and Horst Meissner, "Untersuchungen Uber die 
GeWinning von Eisen aus Oxy~en und Oxydishen Erzen mit Chlorwasser-
stoft," Zeit. An:org. Chem. 245:409-428, 1941. 
- -
14 Peter Trautz! and w. D. Treadwell, "On the Kinetics of the 
Decomposition of' Copper-Tin Alloys in a Stream of Hydrogen Chloride," 
~· ~· Acta., 1951, 34, (6) (1723-1731), abstracted by Met. Abst. 
19:029, 1952:-- - -
12 
have been extracted from their oxides by a well known chlorinating 
. " 15 
process described by Orstedt in 1825. This process consists of 
heating a mixture of the metal oxide and carbon in the presence of 
chlorine gas. These reduction, chlorination reactions were found to 
take place at lower temperatures than the reactions between the oxide 
and chlorine. Anhydrous magnesium chloride has been prepared by 
riquetting magnesium oxide with carbon and heating the mixture in an 
16 
atmosphere of chlorine. The magnesium chloride was then electrolysed 
o produce magnesium and chlorine. 
A large n~er of patents pertaining to modified reduction 
chlorination processes for chromium and titanium bearing oxide ores 
17 
~e been granted. Various reducing agents besides carbon have been 
uggested. Hydrogen and sulfur or compounds such as methane and carbon 
noxide have been used to reduce the oxides in the presence of chlor-
ne. other chlorinating agents have been proposed, such.as HCl, Nl14Cl, 
tt 15 Orstedt, "Published Communication", ~· Phy. ~., 5:152, 
16 L. M. Pidgeon and N. w. F. Phillips, "The Production of An-
drous 1-Bgnesium Chloride," ~· Electrocllem. ~~' 178;91-115, 19~· 
17 Charies G. Maier, "Chlorinating Chromite Ores," u. s. Pat. 
,133,997, abstracted by Chem. Abst. 33:822? / 1939; Western Electro. 
hem. Co. "Converting Chromrt'e Mriierals into Chlorides,"~· Pat. 
39,075, March 23, 1939, abstracted by Chem. Abst. 33:83~~ 1939; 
i tts. Plate Glass Co. and F. J. Cleveland, "CEl'Orination of Titanium 
aring ?eter~als," ~~ 553,056, May 6, 1943, abstracted by~· 
-st. 38:4392: , 1944; I. G. Farbenind, "Chlorinating Materials Con-
ning CbrOm1\1lll," Ger, Pat. 663,711, A'ug. 12, 1938, abstracted by 
em. ~· 32 :9415~1938°: 
13 
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SiC1,4, ~Cl2, BCJ.a, cci..., and SOCl2• These chlorides were decomposed 
during the chlorination; the anion combined with the oxygen and the 
chlorine with the metal. The oxides of thirty metals have been success 
fully chlorill&ted with carbon tetrachloride at temperatures ranging 
from 250• to 56o0 c. Sulfides of eleven :neta.ls and the oxides of twenty 
19 
tals were chlorinated with COCl2• M:>nazi te sands mixed w:1 th carbon 
have been successfully chlorinated With chlorine. · Rare earth chloride 
elds up to 90 per cent were reported, less satisfactory results were 
obtained when carbon monoxide, instead of carbon, was utilized as the 
20 
educing agent. 
Chlorides !::!. Chlorinating Agents. M:>st operations utilizing 
chlorides as chloridizing agents have been discontinued. The process 
of chlorinating gold ores has been replaced by the cyanidation process. 
rovements in mineral dressing, especially in flotation have in many 
cases reduced the economic advantages claimed by chloridizing roasting 
d leaching. Very few investigations have been reported in recent 
terature in which chlorides are the primary reagents. A Russian in-
estigator studied the action of metal chlorides on pyrrhotite,. ferric 
· 18 w. J. Kroll, "Chlorine ~tallurgy - Part I," Metal Ind., 
244, Sept. 26, 1952~ . -
19 Gmelins Handbueh Der .Anorganischen Chemie, Chlor., Eighth 
tion, (Berlin, 1927), pp:-T84-IB5. 
20 F. R. Hartley and A. W. Wylie, "Preparation of Rare Earth 
orides 117 Chlorination of M::>nazite," Jour. Soc. Chem. Ind. 
9:1-7, 19'°. - - - -
14 
21 
oxide, sphalerite, and stannic oxide. Another suggested a number of 
operational modifications as well as a new method of collecting the 
22 
fumes from a gold chloride volatilization process. 
21 G. s. Frents, "Interaction of }t2tal OXides and Sulfides with 
Metal Chlorides," Izvest. Akad. Nauk SSSR. otdel Tekh. Nauk, 235-8, 
1948. 
22 A. c. McDonald, "Volatilization of Gold with Reference to 




The chemistry of chloride metallurgy can be expressed by a 
few basic equations. The simplest of these being the reaction be-
tween a metal and chlorine gas as shown in Equation 1. A number of 
M + xCl2 = MClzc Eq. 1 
metal refining processes are based on this reaction. The possibility 
of refining various metals with chlorine or chlorides of the main con-
1 
sti tuent, has been discussed by Kroll. 
Chlorine gas will react with many oxides to form metal chlor-
ides and oxygen. These reactions are reversible as illustrated in 
Equation 2, and therefore, only a relatively small number of oxides 
Eq. 2 
2 
may be chlorinated with chlorine in an oxidizing atmosphere. 
Reduction chlorination reactions may be illustrated as follows: 
Eq. 3 
The oxide-chlorine reduction reactions have essentially th~ same 
~rinciple as the oxide-chloride reactions shown in Equation 4. In 
MO + M'Cl2 = ~~ + M'O Eq. 4 
. " 1 W. Kroll, "Huttenmannische Verwendung Wa.eserfreier Chloride, 
r:tbre Herstellung und Eigenshaften," ~tall und Erz, ;6:105-106, 1939· 
2 Cf. supra, Chap. I, P• 2. 
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the latter ~eactions the chloride may be present in the solid, liquid 
or gaseous state, but in every case, it must be in intimate contact 
with the oxide before the reaction can take place. If the chloride 
decomposes, at the temperature of the reaction, the gaseous chlorine 
will react with the oxide as shown in Equation ;. The metallic oxide 
in Equations ; and 4, may be replaced by a metallic phosphate, sili-
cate or sulfide. 
Silica, alumina and boron oxide may be present with an oxide or 
it may be added to an oxide to assist in the chlorination. These re-
actions take place as follows: 
K> + Si~ + M1Cl2 = MCl2 + M'O•Si~ 
K> + Al20s + M'Cl2 = MCl2 + M'O•Al20s 




The chlorinating agent generally used is an alkaline earth metal 
chloride. The resulting silicates, aluminates, or borates have high 
melting and boiling temperatures and therefore, the chlorides may be 
removed by volatilization before fusion takes place. 
Many metallic chlorides are hygroscopic and combine with water 
according to Equation 8. Others hydrolyse to form either oxychlorides 
?Cl + ~O = ~l·Xli20 Eq. 8 
or hydroxides. These reactions can be expressed by the following 
equations. 
2)£J.a + HaO =· Metal OXychloride + 2HC1 
!Cl + H20 = K>H + HCl 
Eq. 9 
Eq. 10 
Since these reactions a.re equilibrium reactions an excess of hydrogen 
17 
chloride gas may be used to convert many of the oxychlorides and 
hydroxides to their anhydrous chlorides. Strong oxychlorides, such 
as aluminum, beryllium, and zirconium oxychlorides, cannot be reduced 
3 
to any extent with an excess of hydrogen chloride gas, and therefore, 
care must be taken to prevent their chlorides from hydrolysing. 
lechanism of Reactions 
In each reaction considered in this investigation calcium 
chloride was employed as the chlorinating agent. This chloride was 
utilized because it has the lowest vapor pressure of the common 
4 
chlorides. Therefore, it did not volatilize f rom the reacting mix-
ture as readily as would magnesium, sodium, or other chlorides. In 
order to compare the extent of chlorination of the various oxides, 
equal ·weights of calcium chloride were used in all of the reactions, 
except in those runs in which the effect of changing the calcium 
chloride metal oxide ratio was determined. 
5 
The melting temperature of calcium chloride is 782°c., its 
boiling temperature, at one atmospheric pressure, bas been estimated 
6 
to be 2300°K. M:>st of the reactions were carried out at temperatures 
3 w. Kroll, "Chlorine letallurgy - Part I,"~· Ind. 81:243, 
Sept. 26, 1952. 
4 Laurence L. Quill, The Chemistry and Metallurgy of Mi.scellan-
~ M3.terials, (New York, McGraw-Hill Book Co., 1950), pp.- 196-207. 
5 National Bureau of Standards, Circular 500, p. 387. 
6 Quill, Ibid. 
above the melting point of calcium chloride. At these temperatures 
almost all metallic phosphates, oxides and silicates were solid. 
18 
The metallic chlorides were assumed to have been formed in the 
gaseous state. All of the metallic chlorides produced by the reactions 
had vapor pressures, at the reaction temperature, which were above the 
operating pressure of the furnace. If any solid or liquid chloride had 
been formed it could have been volatilized at these pressures and tem-
peratures. 
The general chlorination reaction, as carried out in a vacuum 
~urnace, at elevated temperatures, may be represented in the form of 
a chemical equation as follows: 
Eq. 11 
['he symbols s, 1 and g represent the states, solid, liquid and gas, 
~n which the constituents occurred in the reaction. 
For the first two hours the constituents of the reactions were 
kept under a dry, helium atmosphere, at a pressure of 860 mm. of mer-
cury, in order to permit preliminary reaction. At the end of this 
time the system was evacuated. Applying a vacuum to the reaction 
chamber permitted the metallic chloride molecules to leave the react-
ing mixture with very little opportunity of striking a gas or another 
chloride molecule. Thus they were not reflected back to the surface 
of the reacting, ma.terials and approximately maximum rates of volati-
lization were obtained. Once the chlorides had left the reaction zone 
they diffused toward the cold zone of the furnace. In the process of 
this diffusion the chloride molecules encountered the cold condenser 
19 
and were condensed. The vapor pressure of all of the chlorides in-
vestigated, except titanium tetrachloride, were below one micron of 
mercury at the temperature of the condenser, therefore, once the 
chlorides bad condensed only a very small portion revolatilized. 
This evolution, diffusion and condensation of the metallic chloride 
continuously displaced the reaction to the right. 
The reactions of higher oxides with calcium chloride may be 
illustrated as :follows: 
1/2 ~Os(s) + Ca.C~(l) = lC~(g) + CaO(s) + 1/4 "2(g) Eq. 12 
1/3 }fG04 (s) + CaCl2(l) = ~~(g) + CaO(s) + 1/6 O:?(g) Eq. 13 
In each of these reactions two gaseous products were formed. The me-
tallic chlorides behaved the same in these reactions as they did in 
Equation 11. Oxygen was evolved along with the chloride, but it was 
removed from the system by the vacuum ptur.ps. The diffusion of' oxygen 
from the reaction zone accentuated the shift Of the reactions to the 
right. 
TheI'lllOdynamics 
Before a reaction is considered it may be advantageous to 
determine the change in free energy accompanying the reaction as well 
as the optimum reaction temperature. Within the past ten l'ears many 
1 
therzoodynamic data have been compiled and published and are available 
7 F. D. Richardson and J. H. E. Jeff'es, "The Therzoodynam:lcs of 
Substances of Interest in Iron .and Steel ~pg . f'rom . 0°C. to 24oo0 c.," 
~· Iron ~ Steel ~~ 160:261-270, Nov., l~; l!. J. T. Ellingham, 
Reducibi.li ty of Oxides and Sul:f'ides in ~tallurgj.cal Processes," J. 
~· ~· Ind. 63:125-1331 May, 1944; Herbert H. _Kellogg, "ThermOOy-
nam:Lc Relationships in Chlorine !etallurgy," J • . ?et. A.I.M.E., 188:862-
~72, June, 1950; J. P. Coughlin, "Contributions tothe Data on 'lbeoreti· 
cal Metallurgy," Bureau .2!,~ Bulletin 542. 
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for such calculations. Sometimes, when no data are available, an 
estimation of the thermodynamic functions can be made. 
Table I contains the equations of the standard free energy of 
formation and vaporization as a function of temperature, which were 
utilized to calculate the standard free energy change, at intervals 
of one hundred degrees Centigrade, attending reactions between metal-
lie oxides and chlorides. The calculated data are given in Table II 
and are plotted in Figures 1 and 2. Figure 1 shows the relative 
positions of the various metal oxide-calcium chloride reactions. 
Figure 2 shows the change in the free energy of reaction resulting 
from the addition of quartz, alumina and boron oxides to one of these 
reactions. The method utilized in plotting the data was patterned 
8 
after the one originally employed by Ellingham. The standard free 
energy changes of the reactions were plotted on the ordinate and the 
temperature on the abscissa. Each reaction was based on one gram-mole 
of calcium chloride, therefore, it was possible to note the effect of 
an equal amount of chlorinating agent on all of the oxides. 
OXide-Chloride Reactions. The nickel oxide-calcium chloride 
reaction given below is used to illustrate the method employed in cal-
culating the standard fre'e energy change accompanying the reaction at 
800°c. 
NiO(s) + CaC12 (1) = NiC12 (g) + CaO{s) Eq. 14 
The standard free energy of formation of each of the reactants 
and products was calculated, at 8oo0c., as follows: 
8 Elli • 127. 
Reaction 
Ca(A.) + 1/2 ~(g) = CaO(c) 
Ca(&) + 1/2 0:2(g) = CaO(c) 
Ca(l) + 1/2 ~(g) = CaO{c) 
Cao + Si~ = CaSiOs 
Cao + B20s = ca.B204 
Cao + B20s = C~04 
3 Ca.O(s) + B20s = Ca.sB206{s) 
3 CaO(s) + B20s(l) = ~~06(s) 
2 CaO(s) + B20s(s) = Ca2B205(s) 
2 CaO(s) + ~Os(l) = Ca2B205{s) 
2 CaO(s) + B20s(l) = Ca2~05(s) 
CaO(s) + 2 ~Os(s} = caB4°'7ls) 
CaO(s) + 2 ~Os(l) = ca.:B40r(s) 
CaO{s) + 2 B20s(l) = CaB40r(l) 
Co(lll. 1 1!>, ~' 1) + 1/2 ~(g) = CoO(c) 
2 er( c) + 3/2 ~(g) = Cr2CS(•) 
3 :Fe(A) + 2 ~(g) = Fe3 04(s) 
3 Fe(-<,-, ~,s) + 2 02(g) = Fes04(fl) 
3 Mn(-',~) + 2 ~(g) = MneP4(.c.) 
3 Mn(~,i) + 2 02(g) = MnS04(~,,) 
Ni(~,~,l) + 1/2 02(g) = NiO(c) 
Pb(c, 1) + 1/2 ~(g) = PbO(s) 
Pb(l) + 1/2 ~(g) = PbO(l) 
Ti{,() + 02(g) = Ti~ 
TABLE I 
STANDARD FREE ENERGY EQUATIONS 
Temperature 

























Free Energy Equations 
AF'fi 
- 150,570 + 24.62'1' * 
- 150,370 + 24.32T * 
- 152,020 + 25.8or ~ 
- 21,300 + 0.12T *** 
29,400 - 2.73T *** 
- 34,670 + 4.56T '*'** 
59,450 - 4.03T *'** 
- 64,720 + 3.26T ~ 
45,900 - 2.42T ~ 
- 51,170 + 4.87T *** 
- 50,070 + 3.5or iHHE-
- 43,100 + 3.90T iHHf-
- 53,640 + 18.5or *** 
- 26,580 - 3.oor iHHf-
- 57,38o + 18.65T *. ~ 
- 271,300 + 61!82T * 
- 265,660 + 76.8lT * 
- 261,200 + 71.36T * 
- 330,900 + 83.72T * 
- 330,600 + 83.5or * 
- 57,370 + 22.09T * 
- 51,900 + 23.09T * 
- 46,630 + 18.57~ * 
- 224,900 + 42.72T * 
21 
Reaction 
Ti(&!) + ~(g) = Ti.~ 
Ca(~) + Cl2(g) = CaCl2(s} 
Ca(~) + Cl2(g) = CaC~(s) 
ca(e) + Cl2(s) = CaCl2(s) 
Ca(l) + Cl2(s) = CaCl2(l) 
Cols) + Cl2(g) = C0Cl2(s) 
Co s) + Cl2(g) = C0Cl2(l) 
Co s) + Cl2(g) = C0Cl2(g) 
Cr s) + C~(g) = CrC12 (g) 
Cr(s} + Cl2(g) = CrCl2(l) 
2 CrCl2(s} + Cl2(s) = 2 CrClS(s) 
2 CrCl2(l) + Cl2(g) = 2 CrCJ.S(s) 
2 erc12(1) + c12(g) = 2 erc13(g) 
Fe(s) + Cl2(g) = FeCl2(s) 
Fe(s) + Cl2(g) = FeCl2(l) 
Fe(s) + Cl2(g) = FeC~(g) 
TABLE I (Continued) 
STANDARD FREE ENERGY EQUATIONS 
Temperature 

















Free Energy Equations 
AF 0 T 
- 224,o8o + 41.93T * 
- 191,510 + 56.77T + o.0002&.r2 - 7.18T log T ** 
- 191,4oo + 50.48T - o.0007C)'ff! - 4.77T log T ** 
- 190,050 + 90.oor - 18.54T log T ** ·--
- 192,580 + 94.14T - 19.16T lo~ T iH(-
- 78,860 + 59.05T + 0.000385'!'"" - 8~45T log T ** 
- 74,290 + 71.63T - l4.o4T log T ** 
- 31,910 - 43.ar + l2.42T log T **- ~ 
95,540 + 46.~11' - o.002815T2 - -4.39 T log T 
+ 0.26 x io-br.r3 ** 
(a) 
- 93,140 + 114tl! + o.oo4o8rr2 - 29.74T log T 
- 0.33 x io-~ ** 
- 70,200 + 40.95T ~ - O.oo41'1'2 + 3.3T log T 
+ 0.33 x io-bii'G ** 
- 75,000 - 95.lT - ~ 6.017gr2 + 54.0T log T 
+ i.51 x io-6'1'3 ** 
+ 49,6oo - 2o8.3T ~ ~ o.oo61T2 + 53.5T log T 
+ 0.51 x lo-6J:G ** 
- 82,800 + 57.90T +-o.00059T2- 9.21T log T 
- 24,500/T ** 
- 74,750 + 92.63T - 13.45T log T ** 
- 29,710 - 53.83T + 12.83T log T ~ 
22 
Reaction 
Mn(-<) + CJ.2(g) = MnC~(s) 
Mn(~) + Cl2(g) = MnCl2{l) 
Mn(,) + Cl2(g) = MnCl2(l) 
Mn(~) + Cl2(g) = MnCl2(l) 
Mn(A) + Cl2(g) = MnCl2(l) 
Ni(4'l) + Cl2(s) = NiC~(s) 
Ni(,.) + C~(g) = NiC~(s) 
Ni(&) + C~(g) = NiCl2(g) 
Pb(s) + Cl2(g) = PbCl2(s) 
Pb(l) + Cl.a(g) = PbCl2(l) 
Pb(l) + Cl2(g) = PbCl2{g) 
C0Cl2(l) = CoCl2(g) 
CrCl2(s) = CrCl2(g) 
CrCl2(l) = CrCl2(g) 
FeCl2(l) = FeCl2(g) 
MnCl2(l) = MnCl2(g) 
NiCl2(s) = NiClc!(g) 
PbCl2(s) = PbCl2(g) 
PbCl2(l) = PbCl2(g) 
1/2 Ti(s) + Cl2(g) = 1/2 TiC~(l) 
TABLE I (Continued) 
STANDARD FREE ENERGY ~UATIONS 
Temperature 



















Free Energy Equations 
AFT 
- 116,44o + 56.57T + o.00014T2 - 8.llT log T 
+ 16,000/T ** 
- 110,170 + 79;53T + o.00171T2 - 18.61T log T 
- 52,500/T ** 
- 1091 470 + 61;98T + o.00036r_r2 - 12.55T log T 
- 34,000/T ** 
- 107,430 + 43~56T - 7.00T log T ** 
- 64,310 - 59.36T + 16.21T l~g T .-~ 
- 76,680 + 64.13T + 0.00192T - lo.44T log T ** . 
76,14o + 47.4ar - o.ooo83rr2 - 4.15T log T **-
l9,84o • 35.91T + 7.gr log T ** -~ 
- 86,510 + 50.l9T - 2.885 x lo-~'112 - 4.22r log T ** 
87,810 + 114.79T - 26.63T log T ** 
- 41,58o - 19.26T + 4.58T log T ** ~ ­
+ 4o,4oo + 23.0T log T - l02.33T >~ 
+ 64,ooo + 2.83T log T + 2.65 x ld~~T2 - 56.068T **iH 
+ 63,o8o + 23.0T log T - 113.595T **** 
+ 43,200 + 23.0T log T - lo4.87T ~-
+ 44,260 + 23.ar log T - 103.05T ~ 
(b) ~~~-; 
+ 45,210 + 4.33T log T - 4.18 x 10. ··r2 - 58.41T **iH 
+ 45,Boo + 30.4T log T - 131.22T **** 
- 91,88o + 76.8oT - 17.22T log T tt == 
23 
Reaction 
TABLE I (Continued) 
STANDARD FREE ENERGY EQUATIONS 
Temperature Free Energy Equations 
· Range in °K AFT 
a 
1/2 Ti(s) + Cl2(g) = 1/2 TiCJ.4(g) 409-2000 - 83,830 + 9.6ar + 0.005651:'2 - l.13T log T 
- lo8,300/T ~ 
* J. P. Coughlin, Bureau of Mines, Bu.:Lletin 542, Table 186. 
** .H. H. Kellogg, "Thermodynamic Relationships in Chlorine Metallurgy," Journal of Metals, June 
1950, :i88: 870-871. 
~ F. D. Richardson, J. H. E. Jeffes and G .. Withers, "The Thermodynamics of Substances of Interest 
in Iron .and Steel Ml.king, II .Compounds Between OXides," Journal Iron and Steel Ins., Nov. 1950, pp. 213-
233. -- -
**** K. K. Kelley, "Contributions to the Data on Theoretical lvEtallurgy III. The Free Energies of 
Vaporization of Inorganic .Substances,"!:!• ~· Bureau~ Mines, Bulletin 383, P• 73. 
(a) Sign changed to fit the curve plotted by Kellogg. 





STANDARD FREE ENERGY CHANGE ATrENDING THE FOLLOWING REACTIONS 
AT 100°C. INI'ERVAIS 
Reaction No. 
lA NiO + cacia = NiCl2 + cao 
2A NiO + CaCJ.a + 1/2 AlaOs = NiCl2 + 1/2 ca2A1205 
3A NiO + Ca.Cl:! + AlaOs = NiCl:! + Cs.Ali04 
4A NiO + CaCl2 + 1/2 Si~ = NiCl2 + l 2 ca2Si04 
5A NiO + cac~ + 1/3 B20s = NiCl2 + 1/3 Cae:8:206 
6A NiO + cac12 + Si~ • NiCl2 + CaSiOs 
7A NiO + CaCJ.a + 1/2 ~Os = NiCl2 + 1/2 Ca&B205 BA NiO + CaCl2 + :8:20s = NiCl2 + ~04 
9A NiO + cac~ + 2 B20s = NiC~ + caB4°'7 
Reaction No. 1A 2A 3A 4A 5A 6A 7A BA 9A Temperature AFT .AFo .AF~ .AF.T AFT AFT AFT AF 0 AF 0 T T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 58.7 51.1 50.6 44.3 38.4 37.4 35.2 28.3 16.o 
200 53.2 45.6 45.1 38.8 32.-7 32.0 29.7 22.6 10.9 
300 50.5 42.9 42.4 36.1 29.9 29.3 26.9 19.6 8.7 
400 46.4 38.8 38.3 32.0 25.7 25.2 22.7 15..l 4.9 
500 42.3 34.7 34.2 27.9 21.5 21.1 18.5 11.2 1.3 
6oo 38.4 30.8 30.3 24.o 17.8 17.2 14.9 7.7 0.9 
700 34.5 26.9 26.4 20.1 13.9 13.3 11.l 4.2 
-1.2 
Boo 30.7 23.1 22.6 16.3 10.3 9.5 7.6 0.9 -3.1 
900 27.6 20.0 19.5 13.2 7.3 6.4 4.6 
-1.7 -4.4 
1000 24.5 16.9 16.4 10.l 4.3 3.3 1.7 -4.4 
-5.6 
1100 21.5 13.9 13.4 7.1 1.4 o.4 
-1.l -6.6 
-9.1 
1200 18.6 ll.O 10.5 4.2 
-1.4 
-2.5 
-3-9 -9.4 -12.3 
TABLE II {Continued) 
STANDARD FREE ENERGY CHANGE A'IT.ENDING 'lliE FOLLOWING REACTIONS 
AT 100°C. INTERVALS 
Reaction 
Number 









CoO + CaCl2 + 1/2 A120s = C0Cl2 + 1/2 Ca2Al205 
Coo + CaCl2 + Al20s = C0Cl2 + CaA.1204 
CoO + CaC12 + 1/2 Si02 = C0Cl2 + 1/2 Ca2Si04 
Coo + CaCl2 + 1/3 ~Os = C0Cl2 + 1/3 CBG~06 
Coo + CaCl2 + Si02 = C0Cl2 + CaSiOs 
CoO + CaCl2 + 1/2 ~Os = C0Cl2 + 1/2 Ca2B205 
Coo + CaCl2 + B20s = C0Cl2 + C.a'.B2C4 
Coo + CaCl2' + 2 ~Os = C0Cl2 + Ca:B4°7 
Reaction No. lB 2B 3B 4B 5B 6B 7B 
Temperature AFT AFT AFT AF 0 AF 0 ~FT .1.FT T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 45.3 37.7 37.3 30.9 25.0 24.o 21.9 
200 41.3 33.7 33.2 26.9 20.8 20.0 17.8 
300 40.3 32.7 32.2 25.9 19.7 19.l 16.7 
400 . 38.0 30.4 29.9 23.6 17.3 16.8 14.2 
500 35.7 28.1 27.6 21.3 14.8 14.5 11.8 
600 33.5 25.9 25.4 19.1 12.9 12.4 10.0 
700 31.5 23.9 23.4 17.l 11.0 10.3 8.2 
8oo 29.2 21.6 21.1 14.8 8.8 8.o 6.o 
900 27.2 19.6 19.l 12.8 6.9 6.1 4.3 
1000 25.4 17.8 17.3 11.0 5.2 4.2 2.6 
llOO 23.7 16~0 15.5 9.2 3.5 2.5 l.O 
1200 21.9 14.3 13.8 7.5 4.o o.8 
-0.5 
8B 9B 






















TABLE II (Continued) 
STANDARD FREE ENERGY CHANGE ATIENDING THE FOLLOWING REAaJ.1IONS 
AT 100°C. INTERVALS 
Reaction 
Number 
lC 1/3 Mns04 + CaCl2 = MnCl2 + Cao + 1/6 02 
2C 1/3 Mns04 + CaCl2 + 1/2 Al2~ = MnCl2 + 1/2 Ca2Al205 + 1/6 02 
3C 1/3 Mns04 + eael2 + Al2~ = Mnel2 + eaA.1204 + 1/6 02 
4c 1/3 Mns04 + eaCl2 + 1/2 Si0c2 = MnCl2 + 1/2 Ca2Si04 + 1/6 02 
5C 1/3 Mns04 + eaCl2 + 1/3 B2~ = Mne~ + 1/3 C8GB206 + 1/6 02 
6e 1/3 Mns04 + Cael2 + Si02 = Mnel2 + eaSi~ + 1/6 02 
7e 1/3 Mns04 + eaCl2 + 1/2 B2~ = Mnel2 + 1/2 Ca2B205 + 1/6 02 
Be 1/3 Mns04 + eaCl2 + B2~ = MnCl2 + eaB204 + 1/6 02 
9C 1/3 Mn3 04 + eael2 + 2 ~~ = Mne~ + CaB4°7 + 1/6 02 
Reaction No. le 2C 3e 4e 5C 6e 7e Be 9C 
Temperature dFT AF 0 6F 0 .AFo Mo .AFo AFT AFT AFT T T T T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 6o.2 52.6 52.1 45.B 39.9 39.0 36.B 29.8 17.6 
200 55.0 47.4 46.9 4o.6 34.5 33.B 31.5 24.3 12.3 
300 52.9 45.3 44.8 38.5 -32.2 31.7 29.2 21.9 11.4 
400 49.3 41.7 41.2 34.9 2B.6 28.1 25.6 18.1 7.9 
500 45.9 38.3 37.8 31.5 25.0 24.7 22.0 14.8 4.8 
600 42.8 35.2 34.7 28.4 22.2 21.6 19.3 12.1 5.3 
700 38.9 31.3 30.B 24.5 18.4 17.7 15.5 8.6 3.2 
800 34.9 27.3 26.8 20.5 14.5 13.8 11.8 5.2 1.2 
900 31.7 24.1 23.6 17.3 11.4 10.5 8.7 ·2.3 -0.3 
1000 29.0 21.4 20.9 14.6 8.9 7.9 6.2 0.2 -1.0 
1100 25.3 17.7 17.2 10.9 5.2 4.2 2.7 -3.1 -5.3 
1200 22.4 14.8 14.3 6.o 2.4 1.3 o.o -5.6 -8.5 
TABLE II {Continued) 
STANDARD FREE ENERGY CHANGE AT'lENDING THE FOLLOWING REACTIONS 




1D 1/3 Fe304 + CaCl2 = FeCl2 + Cao + 1/6 ~ 
2D 1/3 Fe3 04 + CaCl2 + 1/2 Al2Cs = FeCl2 + 1/2 Ca2Al205 + 1/6 02 
3D 1/3 Fes04 + CaCl2 + A12Cs = FeCl2 + CaA.1204 + 1/6 ~ 
4D 1/3 Fe3 04 + CaCl2 + 1/2 Si~ = FeCl2 + 1/2. Ca2Si04 + 1/6 02 
5D 1/3 Fe304 + CaCl2 + 1/3 ~0:3 = FeCl2 + 1/3 CB.:3~06 + 1/6 ~ 
6D 1/3 Fe3 04 + CaCl2 + Si~ = FeCl2 + CaSiOs + 1/6 ~ 
7D 1/3 Fe3 04 + . eac~ + 1/2 ~0:3 = FeCl2 + 1/2 Ca2~05 + 1/6 ~ 
8D 1/3 Fes04 + CaC~ + B20:3 = FeCl2 + C~04 + 1/6 ~ 
9D 1/3 Fes04 + CaCl2 + 2 ~~ = FeCl2 + Ca.B4°'7 + 1/6 ~ 
Reaction No. 1D 2D 3D 4D 5D 6D 7D 8D 9D 
Temperature .6FT MT ~F~ AF~ AFT .AFT 4F~ AFT AFT 
in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 71.5 63.9 63.4 57.1 51.1 50.2 48.1 41.0 29.2 
200 65.4 57.8 57.3 51.0 44.9 44.2 41.9 34.7 23.1 
300 63.2 55.6 55.1 48.8 42.6 41.9 39.5 32.2 21.3 
4oo 59.5 51.9 51.4 45.1 38.8 38.3 35.7 28.3 18.o 
500 55.9 48.3 47.8 41.5 35.1 34.7 32.0 24.8 14.8 
600 52.6 45.0 44.5 38.2 31.9 31.4 29.1 21.9 15.1 
700 49.2 41.6 41.1 34.8 28.7 28.0 25.9 19.0 13.6 
Boo 45.2 37.6 37.1 30.8 24.8 24.o 22.1 15.4 11.4 
900 41.8 34.2 33.7 27.4 21.5 20.7 18.8 12.5 9.9 
1000 38.5 30.9 30.4 24.1 18.3 17.4 15.7 9.6 8.4 
1100 35.3 27.7 27.2 20.9 15.2 14.1 12.6 .6.9 4.7 
1200 32.2 24.6 24.1 17.8 12.2 11.0 9.8 4.2 1.2 
TABLE II (Continued) 
STANDARD FREE ENERGY CHANGE ATI'ENDING THE FOLLOWING REACTIONS 
AT 100°C. INTERVALS 
Reaction 
Number 
lE 1/3 Cr20s + CaCl2 = 2/3 CrCl.3 + Cao 
2E 1/3 Cr20s + CaC12 + 1/2 Al20s = 2/3 CrCl.3 + 1/2 Ca2Al205 
3E 1/3 Cr20s + CaCl2 + Al20s = 2/3 CrCls + CaA.1204 
4E 1/3 Cr20s + CaC12 + 1/2 Si02 = 2/3 CrCls + 1/2 Ca2Si04 
5E 1/3 Cr20s + CaCl2 + 1/3 B20s = 2/3 CrCla + 1/3 CasB206 
6E 1/3 Cr20s + CaCl2 + Si02 = 2/3 CrCJ.s + CaSiOs 
7E 1/3 Cr20s + CaCl2 + 1/2 B20s = 2/3 CrCl.3 + 1/2 Ca2B205 8E 1/3 Cr20s + CaCl2 + :8:20s = 2/3 CrCJ.<a + C~04 
9E 1/3 Cr20s + CaCl2 + 2 ~Os = 2/3 CrCl.3 + CaB407 
Reaction No. 1E 2E 3E 4E 5E 6E 7E BE 9E 
Temperature ~FT ~Fo AF 0 AF 0 AF 0 AF 0 6F 0 ~Fo AF 0 T T T T T T T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 91.7 84.1 83.5 77.3 71.3 70.4 68.3 61.2 49.0 
200 87.5 79.9 79.4 73.1 67.0 66.2 63.9 56.7 45.2 
300 84.2 76.6 76.1 69.8 63.6 62.9 60.5 53.2 42.3 
4oo 80.2 72.6 72.1 65.8 59.5 58.9 56.4 48.9 38.7 
500 76.3 68.7 68.2 61.9 55.4 55.1 52.4 45.1 35.2 
600 72.5 64.9 64.4 58.1 51.9 51.3 49.0 41.8 35.0 
100 68.7 61.1 60.6 54.3 48.2 47.5 45.4 38.5 33.1 
Boo 65.1 57.5 57.0 50.7 44.7 43.9 41.9 35.3 31.3 
900 62.4 54.8 54.3 48.o 42.9 41.2 39.4 33.1 30.4 
· 1000 58.9 51.3 50.8 44.5 38.7 37.7 36.1 30.0 28.8 
1100 53.7 46.1 45.6 39.3 33.7 32.6 31.1 25.3 23.1 
1200 48.7 41.1 4o.6 34.3 28.8 27.6 26.3 20.8 17.8 
29 
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TABLE II {Continued) 
STANDARD FREE ENERGY CHANGE ATrENDING THE FOLLOWING REACTIONS 
AT 100°C. INTERVALS 
Reaction 
Number 
1F 1/2 Ti02 + CaCl2 = 1/2 TiC14 + Cao 
2F 1/2 Ti02 + CaCl2 + 1/2 Al20s = 1/2 TiCl4 + 1/2 Ca2Al205 3F 1/2 Ti02 + CaCl2 + Al20:3 = 1/2 TiCl4 + CaA.1204 
4F 1/2 Ti~ + CaCl2 + 1/2 Si02 = 1/2 TiCl~ + 1/2 Ca2Si 04 
5F 1/2 Ti~ + CaCl2 + 1/3 B20s = 1/2 TiC4 + 1/3 CaeB20·6 
6F 1/2 Ti02 + CaCl2 + Si~ = 1/2 TiC4 + Ca.SiOs 
7F 1/2 Ti02 + CaCl2 + 1/2 B20s = 1/2 TiC~ + 1/2 Ca2B205 
8F 1/2 Ti~ + CaCl2 + B20s = 1/2 TiCl4 + CaB204 
9F 1/2 Ti02 + CaCl2 + 2 B20s = 1/2 TiCl4 + CaB407 
Reaction No. 1F 2F 3F 4F 5F 6F 7F 8F 9F 
Temperature MT AF 0 Mo ~Fo AF 0 AF 0 AF 0 AF 0 AF 0 T T T T T T T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 60.2 52.6 52.1 45.8 39.9 38.9 36.8 29.8 17.6 
200 58.9 51.3 50.8 44.5 38.4 37.7 35.4 28.2 16.6 
300 55.5 47.9 47.4 41.1 -;5.0 34.3 31.9 24.6 13.7 
400 53.8 46.2 45.7 39.4 33.1 32.6 30.0 22.6 12.3 
500 52.2 44.6 44.1 37.8 31.4 31.0 28.3 21.1 11.1 
600 50.7 43.1 42.6 36.3 30.0 29.5 27.2 20.0 13.2 
100 49.3 41.7 41.2 34.9 28.8 28.1 26.0 19.l 13.7 
8oo 48.2 4o.6 40.1 33.8 27.8 27.0 25.0 18.4 14.4 
900 47.9 40.3 39.8 33.5 27.6 26.7 24.9 18.6 15·9 
1000 47.6 4o.o 39.5 33.2 27.5 26.5 24.8 18.8 17.6 
1100 48.2 4o.6 40.l 33.8 28.1 27.1 25.6 19.8 17.6 
1200 47.7 40.1 39.6 33.3 27.7 26.6 25.2 19.7 16.8 
TABLE II (Continued) 
STANDARD FREE ENERGY CHANGE ATl'ENDING THE FOILOWING REACTIONS 
AT 100°C. INTERVALS 
Reaction 
Number 
lG PbO + CaC~ = PbCl2 
2G PbO + CaCl2 + 1/2 AlaOs = PbCl2 + 1/2 Ca2A1205 3G PbO + CaCl2 + Al20s = PbCl2 + CaAl,04 
4G PbO + CaC~ + 1/2 Si0:2 = PbC~ + 1 2 Ca~i04 
5G PbO + CaC~ + 1/3 ~Os = PbCl2 + 1/3 Cae:B:206 
6G PbO + eac~ + Si02 = PbCl2 + CaSiOs 
7G PbO + CaC12 + 1/2 . ~0s = PbCl2 + 1/2 Ca2:8:205 
8G PbO + CaC~ + B20s = PbCl2 + CaB204 
9G PbO + CaCl2 + 2 B20s = PbC~ + CaB4°'7 
Reaction No. lG 2G 3G 4G 5G 6G 7G 8G 
Temperature .OFT AF 0 ~Fo AF 0 AF 0 AF 0 AF 0 AFo T T T T T T T in °C. Kcal Kcal Kcal Kcal Kcal Kcal Kcal Kcal 
100 30.5 22.9 22.4 16.1 10.l 9.2 7.1 0.1 
200 23.7 16.1 15.6 9.3 3.3 2.4 o.3 -1.0 
300 17.2 9.6 9.1 2.8 -3.4 -4.1 -6.5 -13.8 
4oo 21.4 13.8 13.3 7.0 0.7 0.1 -2.4 -9.8 
500 17.5 9.9 9.4 3.1 -3.4 -3.8 -6.4 .:.13.7 
6oo 16.1 8.5 8.o 1.7 -4.5 -5.1 -7.3 -14.1 
700 12.6 5.0 4.5 -1.8 -1.9 -8.6 -10.7 -17.6 
8oo 9.2 1.6 1.1 -5.2 -11.2 -11.9 -13.9 -20.5 
900 6.5 -1.1 -1.6 -1.9 -13.8 -14.6 -16.5 -22.8 
1000 4.3 
-3.3 -3.8 -10.1 -15~9 -16.9 -18.5 -24.6 
1100 2.1 
-5·5 -6.o -12.3 -18.0 -19.0 -20.5 -26.2 
1200 0 -7.6 -8.1 -14.4 -20.0 -21.1 -22.4 -28.0 
9G 
























TEMPER AT URE •c 
Figure 1, Variation of the standaxd free energy with 
terqperature for the reactions between a nU!aber of 
metal lic oxides and calclum chloride. 
Note : Reactions corresponding to t hese curves are 
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Figure 2. Variation of the standard free energy with 
temperature for the reactions between nickel oxide, 
calcium chloride, and alumina, silica or boron oxide . 
Note : Reacttons corresponding to these curves are 
given in Table II, page 25. 
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9 
Ni(-) + 1/2 ~(g) = NiO(c) 
.6FT = - 57,370 + 22.Q9T 
~F 010730K = - 571 370 + 23,707 ~ - 33,663 cal. 
10 
Eq. 15 
Ca(s) + Cl2(g) = CaCl2(l) Eq. 16 
~FT = - 190,050 + 90.oor - 18.54T log T 
·..6F010730K = - 1901 050 + 96,588 - 60,302 = - 1531 764 cal. 
11 
Ni(,.) + Cl2(g) = NiCl2(s) Eq. 17 
.OFT= - 76,140 + 47.40T - o.ooo8;T2 - 4.15T log T 
.6F 0 10730K = - 76,14o + 50,870 - 955 - 13,498 = - 391 723 cal. 
. . 12 
ea(~) + l/202(g) = cao{c) Eq. 18 
.6FT = - 1501 370 + 24~32T 
LlF01073oK = - 1501 370 + 26,095 = - 124,275 cal. 
The nickel chloride which was formed in reaction 14 was in the 
gaseous state. Therefore, the standard free energy of sublimation 
• 
was calculated as follows: 
13 
NiCl2{s) = NiCl2(g) Eq. 19 
. AFT = + 54,700 + 7 .07T log T + 1.56 x lo-3T2 - 67.29T 
AF\073 oK = + 54,700 + 22,991 + 1796 - 72,202 = + 7,285 cal. 
In order to obtain the standard free energy change of reaction 
9 Coughlin, ~· cit., p. 69. 
10 Kellogg, op. ~., p. 870. 
11 Ibid., p. 871. 
12 Coughlin, op. cit., p. 68. 
13 K. K. Kelley, "Contributions to the Data on Theoretical Met-
allurgy . III. The Free Energies of Vaporization of Inorganic Substan-
ces," u. s. Bureau of Mi.nes, Bulletin 383, p. 73. 
- - -- -
35 
the algebraic sum of the standard free energies of decomposition of 
the reactants and the standard free energies of formation and sub-
lima.tion of the products was calculated. Free energies of decomposi-
tion are equal to the negative values of the free energies of forma-
tion, therefore, the free energies of decomposition of NiO and CaCl2 
are+ 33,663 calories and+ 153,784 calories respectively. The stand-
ard free energy change accompanying the reaction was calculated as 
follows: 
- ~F\5 - Jl F\6 + ~F\7 + Jl F\S + ~F\9=AF 0 Eq. 20 
+ 33,663 + 153,764 - 39,723 - 124,275 + 7,285 = + 30,714 
Similar calculations of the standard free energy of reaction 
of each oxide with calcium chloride were ma.de for each even 100°C. 
interval between the arbitrary limits of 100° and 1200°C. as shown 
in Table II. No equations were available for the standard free 
energies of sublimation of a number of the chlorides, therefore, the 
free energies of vaporization were extrapolated to 100°C. 
The standard free energies of formation of CrC12(1) from lo88° 
to 1575°K and TiC14(g) from 409° to 2000°K, as calculated from 
14 
Kellogg's equations, did not agree with the values plotted by 
Kellogg. Furthermore, the standard free energies of formation at the 
transition temperature of CrC12 (lo88°K) and TiC~ (409°K) as calcu:-
lated from these equations were not identical to the values calculated 
from the equations which were valid in the lower temperature regions. 
By changing the sign of one term in each erroneous equation the cal-
14 Kellogg, o • cit. PP• 870, 871. 
culated free energies were found to coincide with the plotted values. 
In the reactions involving the higher oxides and calcium 
chloride a gaseous product of either chlorine or oxygen was evolved 
as shown in the following reactions. 
Eq. 21 
The standard free energy change of reaction 21 was found to be more 
negative than that of reaction 22 for manganese oxide. The inverse 
was true for iron oxide. In the experimental work all of the react-
ions were assumed to have been similar to reaction 21. 
The Effect of Additives. The chlorination of metallic oxides 
was assisted by the addition of Si02, Al20:3 and B20s. The primary 
ptll'"pose of introducing these compounds into the reaction was that 
they would combine with the calcium oxide produced from the oxidation 
of calcium chloride and thus decrease the free energy change of the 
reactions which influences the spontaneity of the reactions. The 
equations for these reactions a.re as follows: 
M) + CaCl2 + Si~ = ~12 + CaSiOs Eq. 23 
M) + CaCl2 + A120s = ~12 + CaA1204 Eq. 24 
ID + CaCl2 + B:20s = ~12 + ~04 Eq. 25 
m + eac~ + 1/2 Si~ = M::~ + 1/2 ca~i04 Eq. 26 
M) + CaCl2 + 1/2 Al20s = l-£12 + 1/2 Ca2Al205 Eq. 27 
ID + CaCl2 + 2 B20s = MC~ + CaB407 Eq. 28 
K> + CaC~ + 1/2 ~Os = M:l2 + 1/2 Ca2~05 Eq. 29 
M) + CaCl2 + 1/3 :8;?0s = ~12 + 1/2 Cae~06 Eq. 30 
37 
The changes in the free energies attending reactions in which 
additions were present were calculated in a manner similar to the one 
shown above. The standard free energy change resulting from the re-
action of Cao and Si02 was determined by utilizing the equation given 
in Table I. This calculation, for 800°c., was made as follows: 
15 
CaO(s) + Si02(s) = CaSiOs(s) Eq. 31 
~F01073 oK = - 21,;oo + o.12T 
~F010730K = - 211 300 + 129 = - 21,171 cal. 
By adding the free energy of formation of CaO•Si02 from its oxides to 
·the free energy change calculated for reaction 14 the total free 
energy change, at 800°c., of the following reaction was calculated. 
Reaction ~F01073°K 
NiO{s) + CaCl2(l) = NiC12(g) + CaO(s) + 30,714 cal. Eq. 14 
CaO~s) + Si~~s) = Ca.SiOs~s) - 21,171 cal. Eq. 31 
NiO{s) + CaCl2(l) = NiCl2(g) + Ca.SiOs{s) 
+ Si02(s) 
+ 9,543 cal. Eq. 32 
The standard free energy change attending the reaction of Cao 
and B20s, at 800°c., was calculated from the following equation as 
given in Table I. 
16 
CaO(s) + B20s(l) = C~04(s) 
~F01073oK = - 34,670 + 4.56T 
~F01073oK = - 34,670 + 4,894 = - 29,776 cal. 
Eq. 33 
15 F. D. Richardson, J. H. E. Jeffes and G. Withers, "The Ther-
modynamics of Substances of Interest in Iron and Steel MUting, II Com-
pounds Between OXides," J. Iron and Steel Ins.,, Nov., 1950, P• 222. 
- -----
16 Ibid. 
When this reaction was added to reaction 14 the following reaction , 
and free energy change, at 800°c., was obtained. 
Reaction 
NiO(s) + CaC12(1) = NiC12(g) + CaO(s) 
CaO(s) + B20s(l) = C~04(s) 





+ 30, 714 cal. Eq. 14 
- 29, 776 cal. Eq. 33 
+ 938 cal. Eq. 3 4 
No data are available for the free energy change attending the 
following reaction. 
Eq. 35 
The standard enthalpy change for this reaction, at 25°c., was cal-
culated by subtracting the standard enthalpies of formation of the 
reactants from the standard enthalpies of formation of the products. 
These data are given in Table III. 
TABLE III 














* National Bureau of Standards, Circular 500. 
The enthalpy of the reaction, at 25°c., was found to be - 8.1. kilo-
39 
calories per mole of CaAl204. If' ~he change in entropy of _the reactiOIJ 
was known the free energy change could have been calculated from the 
following equation. 
AF 0 = AH 0 - TAS 0 Eq. 36 
But, when solid crystalline substances are formed from solid crystal-
17 
line reactants the entropy change accompanying the reaction is small. 
Kelley has pointed out that the entropies of silicates are approxi-
18 
mately equal to the sum of the entropies of' the constituent oxides. 
19 
The same approximation may be true f'or spinels. Assuming that the 
entropy change is approximately zero, the standard free energy change 
will be roughly equal to the standard enthalpy change of' the reaction 
.. 
at any temperature below the melting point of any one of' the constit-
uents. Therefore, the standard free energy change of' reaction 35 was 
assumed to be 8.1 kilocalories per mole of' CaAl204 over the tempera-
ture range of' 100°C. to l200°C. 
The standard free energy change, at 8od 0 c., f'or the reaction 
·between NiO, CaC12 and Al20s was calculated as follows: 
Reaction ~F01073°K 
NiO(s) + CaCl2(l) = NiCl2{g) + CaO(s) + 30,714 cal. Eq. 14 
CaO~s~ + Al2QS~s) = CaA1204~s) 8z.100 cal. Eq. 35 
NiO(s) + CaCl2(l) = NiCl2(g) + Ca.Al204(s) + 22,614 cal. Eq. 37. 
+ Al20s(s) 
17 Ibid, P• 215. 
18 K. K. Kelley, "Contributions to the Data on Theoretical· Met-
allurgy. I The Entropies of' Inorganic Substances," u. ~· Bur. Mines 
Bull.. 3SO. 
- --
19 o. Kubaschewski and E. L. L. Evans, Metallurgical Tbermo-
chemistry {New York: Academic Press Inc., 1951), P• 181. 
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Compounds other than those which have a one to one ratio of 
calcium oxide to silica, alumina, or boron oxide were also formed. 
In some reactions larger or smaller stoichiometric amounts of additive 
were placed into the charge so that the new compounds had an oppor-
tunity to form. The formation of these compounds, from their oxides, 
was accompanied by a free energy change as shown in the following 
equations. 
20 
CaO(s) + 2 ~Os(l) = CaB4°'7(s) 
~FT = - 53,640 + 18.50T 
Eq. 38 




.. NiO(s) + CaC12 (1) = NiCl2(g) + CaO(s) 
CaO(s) + 2 B20s(l) = CaB407(s) 
+ 30,714 cal. Eq. 14 
- 33,790 cal. Eq. 38 
NiO(s) + CaCl2(l) = NiCl2(g) + CaB4Crr(s) - 3,076 cal. Eq. 39 
+ 2 B20s(l) 
21 
2 CaO(s) + B20s(l) = Ca2B205(s) Eq. 40 
~FT = - 50,070 + 3.50T 
~F01073 oK = - 50,070 + 31 755 = - 46,315 
Reaction 
NiO(s) + CaCl2(1) = NiC12(g) + CaO(s) 
CaO(s) + 1/2 B20s(1) = 1/2 Ca2~05(s) 
NiO(s) + CaC~(1) = NiC12(g) 





+ 30,714 cal. 
- 23,158 cal. 
+ 7,556 cal. 






3 cao + B20s = cas~o6 
A FT = - 64, 720 + 3.26T 
Eq. 42 
~F01o730K = - 641720 + 3,498 = - 61,222 cal. 
Reaction 
NiO(s) + CaCl2(l) = NiCl2(g) + CaO(s) 
CaO(s) + l/3 B20s(l) = 1/3 CasB206 
NiO(s) + CaCl2(1) = NiCl2(g) 
+ 1/3 B20s ( l) + l/3 CBGB206 




+ 30,714 cal. 
- 20,1~07 cal. 
+ 10,307 cal. 






Ca2AJ..205• If the entropy change accompanying the formation of these 
compounds from their oxides is assumed to be almost zero their free 
energies of :f'orma.tion are equal to their enthalpies. The enthalpies 
of formation of Ca2Si04 and Ca2Al205 from their oxides were calcula-
ted from the values given in Table III. They were found to be - 28.8 
kilocalories and - 15.2 kilocalories per gram mole. When these free 
energy changes are added to the original reaction the following re-
actions and free energies were obtained. 
Reaction 
NiO(s) + CaCl2(l) = NiCl2(g) + CaO{s) 
cao(s) + 1/2 Si~(s) = 1/2 Ca2Si04(s) 
NiO(s) + CaCl2(l) = NiCl2(g) 
. + 1/2 Si02 (s) + l/2 Ca~i04(s) 
22 Ibid. 
~F01073°K 
+ 30,714 cal. 
- 14z400 cal. 






NiO{s) + CaCl2(l) = NiC12{g) + CaO{s) + 30,714 cal. Eq. 14 
CaO{s) + 1/2 Al20s(s) = 1/2 Ca2Al20~ 7,600 cal. Eq. 46 
NiO(s) + CaCl2(l) = NiCl2(g) + 23,114 cal. Eq. 47 
+ 1/2 Al20s(s) + l/2• Ca2A1205(s) 
The probable error in the standard free energy of formation 
equations listed in Table I va:ry from approximately plus or minus six 
tenths of a kilocalorie to approximately plus or minus three kilo-
calories. No definite values were assigned to the errors in the 
calculated stand.a.rd free energies of reaction, they were si~ly 
rounded off to the nearest one tenth of a kilocalorie. In ma.king 
these calculations the errors may have been additive and therefore, 
the resulting calculations may be in error as much as plus or minus 
eight kilocalories. MJst probably they were not cumulative and an 
average value of the errors was obtained. 
Additions of Si~, Al20s, and ~Os did not change the general 
shape of the free energy-temperature curves, as shown in Figure 2. 
All of the additions moved the curves to more negative values, and 
thus increased the values of the equilibrium constants. The relation-
ship between the standard free energy change attending a reaction and 
the equilibrium constant is shown as follows: 
AF 0 = - RT ln K Eq. 48 
Where R is the gas constant, T the ten:q;>erature in degrees Kelvin, and 
K the equilibrium constant. The equilibrium constant for a reaction 
similar to reaction 14 is expressed as shown below: 
bB + cC + ••••• = 1L + mM + ••••• Eq. 49 
1 m AI, x AM x ••• 
K = b c AB x Ac x ••• 
Eq. 50 
where A is the activity or the "effective concentration" of each 
constituent in the reaction. For chlorination reactions similar to 
the basic chlorination reactions as expressed in Equation 14, the 
equilibrium constant may be expressed as follows: 
Eq. 51 
The activity of a pure solid or a pure liquid is equal to unity at 
all temperatures. Activities of ideal gases are called fugacities 
and are g1 ven the symbol f. For an ideal gas the fugaci ty is equal 
to the pressure. The equation for the equilibrium constant for 
chlorination reactions may therefore be written as follows: 
Eq. 52 
Placing this equilibrium constant into the free energy equation yields 
a new equation which shows the relationship between the standard free 
energy of reaction and the pressure of the metal chloride. 
~F0 = - RT ln P:tel2 Eq. 53 
Chlorination reactions in which oxygen as well as gaseous chlorides 
are forn1ed have equilibrium constants which contain the pressures of 
the two gases. The relationship between the standard free energy 
change attending these reactions and the pressures of the gases is 
expressed as follows: 
AF 0 = - RT ln P~l2 x p~ Eq. 54 
Where m is the coefficient of the oxygen in Equations 12 and 13. 
23 
44 
Langmuir has shown by Equation 55, that the rate of evapora-
tion is directly proportional to the vapor pressure of' a substance. 
Plllll = 17 .14 aJ ~ Eq. 55 
Where Pmm is the vapor pressure in millimeters, G is the rate of 
evaporation in grams per second, per square centimeter; T is the 
temperature in degrees Kelvin and M is the molecular weight. For any 
given chloride, volatilizing at one particular temperature, for a 
fixed length of time, from a constant surface area, the weight of 
chloride volatilized is directly proportional to the vapor pressure. 
When these conditions are fulfilled the free energy equation may be 
expressed as follows: 
AF 0 = - RT ln kw Eq. 56 
Where k is a proportional! ty constant and w is the weight of chloride 
volatilized and subsequently condensed. 
The equation relating the f'ree energy change with the weight of' 
chloride volatilized shows that a decrease in the free energy change 
will result in an exponential increase in the weight of chloride 
volatilized. Therefore, additions of' Si~, ~03 and B20s result in 
a decrease in the free energy change and an increase in the weight·of 
chloride produced. 
23 I-. Langmuir, "Vapor Pressure of' Metallic Tungsten," ~· 
~., 2:329-342, 1913. 
CHAPrER IV 
THE APPARATUS AND EXPERIMENTAL PROCEDURES 
I APPARATUS 
The equipment used in conducting the following investigation 
was composed of three major parts; (l) a dry atmosphere box; (2) a 
transfer bag and (3) a pressure-vacuum furnace. 
The Dry Atmosphere Box. The dry box, as shown in Figure 31 
was constructed of five eighttis inch thick ply wood. Flexible gum 
rubber sheets were fastened to two sides of the box. M:>unted on 
these sheets were three pairs of long obstetrical gloves. Located 
above the rubber panels were glass Windows. To ensure air tightness 
all of the permanent joints were sealed With beeswax. On top of' the 
box was a door through which the large apparatus could be introduced. 
Small items were brought into the box through a lock chamber. This 
chamber was fitted with two sliding doors, one leading to the interior 
.of the dry box and the other to the exterior. A compressor with a 
water cooled after cooler supplied the air. Before entering the box 
the air was thoroughly cleaned and dried by a series of filters, dry-
ing tubes, and towers. Activated alumina, which was regenerated 
periodically, was employed as the drying agent. The hands of the 
opera.tor were kept free from perspiration by introducing air into the 
gloves through sma.11 neoprene tubes which were fitted into each finger 
of the gloves. 
Figure 3. Dry Box and Air Drying Train. 
An analytical, chainomatic balance was placed in front of' one 
pair of' gloves. The balance was grounded to a water line to remove 
any electrostatic charge. A desiccator, agate mortar and pestle, 
crucible and beaker tongs, spatula and various other laboratory equip-
ment were placed in the dry box. Three trays containing activated 
alumina were always kept in the box to remove any residual moisture. 
A small fan was used to circulate the air over the desiccant. 
~ 'lransf'er Bag. The transfer bag shown in Figure 4 consisted 
of a twenty eight inch long, eight inch diameter cylindrical plastic 
bag which was fastened to a wooden head. The other end of' the bag was 
fastened to a wooden disc through which dried air could be admitted. 
A pair of _ long obstetrical gloves were fastened to the bag in a posi-
tion which permitted the operator to .have access to a large portion of' 
the interior of' the transfer b.ag. 
The head was constructed of five eighths inch thick ply wood. 
Two sliding doors ( 1.), ( 2), Figure 4.~ were used to seal the bag as 
well as to admit apparatus. The doors were · sealed with strips of 
felt which were glued to the head. The small door (2) was also used 
as a window when the transfer bag was fastened to the furnaces or the 
dry box. Fastened to the top of the head was a one eighth inch thick 
steel plate with a four inch diameter hole in its center. A felt ring 
was glued to this plate to effect a seal between the transfer bag and 
the furnaces or the dry box. 
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Figure 4. The Transfer Bag Fastened t o Furnace Number One. 
The Pressure-Vacuum Furnace. Two furnaces with the same basic 
design were constructed and used in this investigation. A thirty inc 
long, two and one eighth inch internal diameter porcelain tube was 
sealed with pyseal . into a cylindrical, steel base. See Figure 5. 
Copper cooling coils were installed to keep the pyseal from melting. 
An opening in the side of the base was connected to a vacuum system. 
Soldered onto the bottom of the base was a one eighth inch thick steel 
plate. The transfer bag as well as the condenser assembly was sup-
ported by this plate. 
The condenser assembly consisted of a steel plate onto which 
was ·soldered a hollow steel cylinder. A tubular condenser was in-
serted coaxial With the hole in this cylinder. "O" rings were em-
ployed to provide a vacuum tight seal. The condenser could be moved 
up or down through the cylinder without breaking the vacuum. In order 
to prevent the condensate from being rubbed off when the condenser was 
removed from the furnace a ten inch long, one and one ha.l:f inch 
diameter, aluminum tube was placed over the steel cylinder. 
The thirty inch 1.ong, five eighths inch diameter water cooled 
condenser was constructed of stainless steel tubing. One end of the 
tube was closed by welding ·on a stainless steel cap. The other end 
. -
was closed With a brass plug. Soldered into the plug were one eighth 
inch copper tubes. One of the copper tubes extended from the bottom 
of the condenser to three eighths inch from its top. other copper · 
tubes were soldered into holes drilled into the side of the plug. 
When the furnace was in operation coolii:ig water was let in at the 
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bottom and on the left side of the condenser and then by means of the 
internal tube it was sprayed onto the cap of the condenser. See 
Figure 5. The water then flowed down in the space between the stain-
l ess steel and the copper tubes. An outlet tube on the right of the 
condenser permitted the water to be removed. 
The condenser also served as part of the crucible support. A 
stainless steel cap was pressed onto the top of the condenser. Into a 
hole in the cap was placed a porcelain heat reflector tube on which 
the crucible containing the charge was set. 
The upper portion of the porcelain tube was placed into an 
electrically heated furnace. The resistanc·e wire was wound on an 
alumina core. A thin coat of alundum cement was applied over the 
wires and the entire assembly was then covered by an alundum sleeve. 
Insulating fire bricks were utilized to insulate and support the heat-
ing unit in a steel shell. A thermocouple placed into the furnace 
outside of the porcelain tube and at the same height as the crucible 
was used to indicate and control the temperature in the furnace. The 
temperatures inside and outside of the porcelain tube were correlated 
by sealing a calibrated thermocouple into the furnace and observing 
the difference in the te~erature indicated by the two thermocouples. 
The internal thermocouple was placed at the exact position that the 
center of the crucible was located when the furnace was in operation. 
Temperature measurements were ma.de after the internal temperature of 
the furnace became constant. A plot of the temperature inside of the 
furnace compared to the temperature outside of the furnace was utilizea 
to determine the temperature at which the Wheelco controller was set 
to obtain the desired temperature. 
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Each furnace was connected to a vacuum system as shown in 
Figure 6. These systems contained similar apparatus. A cold trap (8) 
was connected directly to the base of the furnace by means of an "O" 
ring. The trap was made from a four inch diameter, ten inch long 
~teel pipe. A steel plate was brazed to the bottom of the pipe. The 
refrigerant was placed into a two ·inch diameter, eight inch long, thin 
walled, copper tube which was sealed into the top of the pipe With an 
"O" ring. 
Two openings led from the cold trap to the vacuum pumps. One 
opening connected the cold trap directly to the mechanical pump. This 
outlet was used primarily as a rough down line. A steel pipe welded 
to the other opening was joined to the diffusion pump. Vacuum valves 
(13) (14) were placed into the various lines in order to control the 
direction of the flow of gas to the pumps and also to isolate parts of 
the system when necessary. Flanged joints were installed in convenient 
locations so that the system could be easily dismantled for cleaning or 
repairing. "O" rings were employed to seal all dismountable joints. 
McLeod and Pirani gauges were utilized to measure the vacuum in the 
system. 
Helium was introduced into the furnace by opening a packless 
!Valve (7). A mercury manometer ( 6) indicated the pressure of the gas 
in the system. Activated alumina in the drying jar ( 4) dried the gas 
!before it entered the furnaces. Two pressure regulators (2) (3) were 
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placed between the helium cylinder (1) and the drying jar. 
The major differences between the two :furnaces were :few in ntun-
ber. Figures 6, 7, and 8 show the dissimilarities in construction. 
The temperature of Furnace Number One was indicated by a cbromel-
alumel thermocouple. The resistance element was made of chromel-A 
Wire, maximum temperature 1200°C. A National Research Corp., rotary 
~as ballast, mechanical pump was employed as a :fore pump. The tempera 
ture of Furnace Number Two was indicated by a platinum-901> platinum, 
l<:JI, rhodium thermocouple. Smith's alloy No. 10 was used for the re-
sistance element, maximum temperature 1300°C. The mechanical pump was 
a Welch Duo-Seal pump. 
An instrument panel as shown in Figures 6 and 9 was loc~ted be-
tween the furnaces. Similar instruments were mounted on each half of 
the panel. The power :for the furnaces was supplied by two 7.5 K.V.A. 
powerstats (26).· Ammeters (25) indicated the current :floWing through 
the heating elements. A Brown recording potentiometer ( 21) was .1:18ed 
whenever a record of the temperature of the :furnaces was desired. 
SWi tches and pilot lights :for the mechanical and dif'f'usion punps were 
mounted in the center of the panel. 
II EXPERIMEN!'AL PROCEDURE 
Preparation of ~Charge. The materials which were to be re-
acted were dried at a temperature above 100°C. They were then trans-
ferred to the desiccator in the dry box and allowed to cool. After 
cooling, the charge was accurately weighed on the balance, thoroughly 
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Figure 7. ~L1he Arrangement of Furnace 1T1-rr.1ber One and the Helium rrrain. 







Figure 9. The Instrument Panel . 
mixed, and poured into a one inch diameter "specimen mounting" die. 
The die containing the charge was removed from the dry box and placed 
into a desiccator. It was then taken to an hydraulic press, removed 
from the desiccator, and compressed with a load of two tons. After 
releasing the load the charge, in the shape of a disc, was ejected 
from the die. It was immediately placed into a previously weighed 
crucible and set in the desiccator. The compact and crucible were re-
turned to the dry box and once again weighed to determine the loss in 
weight due to compacting. 
Loading the Furnace. As the weighing operation was being 
carried out the furnace was switched on and allowed to attain the pre-
determined temperature. The condenser assembly was removed from the 
furnace. A very thin film of' vacuum grease was applied to the conden-
ser to facilitate its movement through the "O" ring seal. It was then 
retracted until the top of the crucible support was approximately one 
inch below the top .of the al.uminum protection tube. The crucible, con 
tai.ning the charge, was then placed on the crucible support and the 
entire assembly was carefully raised and sealed into the furnace. The 
flexible cooling water lines were screwed on and the circulating water 
was :f'or~ed through the condenser. The crucible arid charge were then 
raised to a zone in the furnace where the temperature was approximate-
ly 100°C. At this temperature water which might have been picked up 
by the charge in compacting was removed. The mechanical pump was then 
switched on and the pressure in the furnace was reduced by slowly open. 
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ing the valve in the rough down line. The rate of evacuation was in-
dicated by means of the mercury manometer. After the pressure in the 
furnace bad been reduced to thirty to eighty microns of mercury the 
valve was closed and helium was introduced until the pressure rose to 
approximately ten centimeters of mercury above atmospheric pressure. 
The evacuation and flushing operation was repeated three times to en-
sure complete removal of air and water vapor from the furnace and the 
charge. The crucible and charge were then introduced into the hot 
zone of the furnace. They remained there under the helium atmosphere 
for a predetermined time. After the time had elapsed the pressure in 
the system was slowly reduced through the rough down line by means of 
the mechanical pump. When the vacuum in the furnace was approximately 
fifty microns of mercury the line was closed and the diffusion pump 
and its cooling system was started. When the predetermined time under 
vacuum had elapsed the pumps were switched off, hell um was introduced, 
the power was switched off and the crucible and charge we~e lowered 
into the furnace's cold zone. At thi.s position the top of the conden-
ser was just below the top of the aluminum protection tube. After a 
short cooling period the condenser cooling water was turned off, the 
residual water was removed, and the openings sealed. 
Discharging the Furnace. The transfer bag was screwed onto the 
base of the furnace. Dried colnpressed air was admi:tted into the bag 
until a slight positiv~ pressure was exerted. The small door (2) 
Figure 4, was then opened slightly and a large portion of the air was 
expelled from the bag by lifting its wooden base and squeezing the 
plastic tube. The door was closed and the cycle was repeated three 
times in order to remove the moist air. A positive pressure of dry 
air was maintained in the transfer bag at all times during its use. 
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The furnace was discharged by removing the wing screws and 
lowering the condenser assembly into the transfer bag. '!be crucible, 
containing the residue, was removed from its support and sealed into 
a fifty milliliter beaker. The residue generally retained the shape 
of the original compact. In most cases it did not adhere to the 
crucible and therefore, it could easily be spilled. To prevent the 
residue from being lost while moving the transfer bag to the dry box, 
the beaker containing the crucible and residue were removed from the 
transfer bag by sealing them into the base of the furnace from which 
they were subsequently transferred to the dry box. 
The crucible support was removed from the condenser and a cap 
was pressed on the protection tube. This cap sealed the ~ondensate in 
the tube. The large door (1) Figure . 4, was then closed and the trans-
fer bag was disconnected from the furnace. The long tygon tube which 
supplied the air permitted the bag to be moved from either furnace to 
the dry box. A horizontal support onto which the transfer bag was 
layed was positioned in front of the dry box. The head of the bag was 
fastened to the box, both doors were opened, and the condenser assembly 
was pushed into the lock chamber. Both doors were then closed and the 
transfer bag was removed. The internal door of the lock chamber was 
opened and the condenser was brought into the dry box. 
The condensate was scraped from the condenser and weighed. 
When the condensate could not be completely removed by scraping,the 
condenser was removed from the dry box and washed With distilled 
water. The beaker containing the crucible and residue was removed 
f'rom the furnace and brought into the dry box. The crucible and 
residue were weighed. After removing the residue f'rom the crucible 
it was ground and mixed with the mortar and pestle. 
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Chemical analyses were made to determine the composition of the 
residue, the condensate scraped f'rom the condenser, and the material 
washed from the condenser. 
CHAPTER V 
CHLORINATION OF NICKEL COMPOUNOO 
Introduction 
Nickelous oxide and nickel orthophosphate were chlorinated by 
reaction with calcium chloride to produce nickel chloride. Additions 
of silica, alumina, or boron oxide were made to the nickel oxide-cal-
cium chloride mixtures and the effects of these additions on the con-
version of nickel oxide to nickel chloride were observed. 
Preparation of Reactants. All of the compounds used in this 
series of runs, except the silica, were analytical grade reagents. 
Before any of these materials were used they were dried under a vacuum 
for twelve hours at 250°c. 
The nickelous oxide, alumina and the nickel orthophosphate were 
in a finely diVided state. The calcium chloride was granular and ap-
proximately 20 mesh. High purity silica sand was wet ground in a 
pebble mill to minus 200 mesh, dried, and used for the silica addi-
tions. Boric acid crystals were dehydrated, in a platinum crucible, 
at approximately Boo 0 c. for about twenty minutes. When all bubbling 
action had ceased the boron oxide was poured onto a platinum crucible 
cover which had been placed in a desiccator. Upon cooling, the glass 
button was crushed With a diam0nd mortar and pestle and subse.quently 
ground to minus 100 mesh. 
Experimental Conditions. The charge was weighed, mixed, 
briquetted and placed into furnace number one, as described in Chapter 
IV. All of the runs were made under the same conditions. The porce-
lain crucible and its charge were placed into the 800°c. zone of the 
furnace and were held there for two hours in a helium atmosphere. 
After this period of time the system was evacuated and held under 
vacuum for twelve hours; then the furnace was discharged. 
Experimental ~ 
Condensates. The nickel chloride deposited on the upper eight 
inches of the condenser. The largest volume of condensate was found 
close to the top of the condenser and just below the cap into which 
the crucible support was placed. 
In all of the runs in which nickel oxide was chlorinated the 
condensates had a tan colored surface, interspersed with white spots 
of calcium chloride. Under the tan film; golden yellow plates of 
nickel chloride were found. These crystalline plates were deposited 
With their primary axis parallel to the axis of the condenser. Be-
neath the nickel chloride crystals was a thin coating of calcium 
chloride. The condenser cap was coated with calcium chloride; how'ever, 
no nickel chloride was deposited on the cap. 
Chlorination of nickel orthophosphate yielded a heavy depos'it 
of large nickel chloride crystals, deposited on a layer of calcium 
chloride. No calcium chloride spots were found on these condensates. 
In every case, ~he condensates were easily removed from the 
condenser. When the deposits were heavy, a slight stroke with a 
spatula separated large areas of condensate from the condenser; how-
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ever, the calcium chloride layer had to be removed by scraping. 
Residues. All of the residues were pale green in color. The 
residues of the nickel oxide-calcium chloride runs did not retain the 
shape of the original compact. They fused, and were found in the 
bottom of the crucible in a very porous condition. The residues from 
all of the other runs were also very porous, but retained the shape of 
the original compact. Additions of boron oxide resulted in bloated 
residues covered with white spots. 
Very little pressure was required to crush and gri nd the resi-
dues which had retained the shape of the original compact. The fused 
residues were difficult to pulverize in an agate mortar and pestle, 
and therefore, they were crushed in a diamond mortar. 
Condition of Crucibles. The crucibles in which nickel oxide 
had been chlorinated in the presence of an addition were in excellent 
condition. The residues could be removed without any difficulty. On 
the other hand, those crucibles, in which the residues had fused, had 
to be broken in order to remove the residues for analysis. 
A discoloration was noticed on the crucibles used for the nick-
el orthophosphate-calcium chloride reactions. These crucib~es had 
probably absorbed large amounts of nickel, which resulted in the dis-
coloration. This assumption may be validated by the fact that only 
eighty three per cent of the nickel charged into the furnace was found 
in the condensates and residues. 
Identification of Compounds by X-ray Diffraction. X-ray dif-
fraction patterns were made of a number of the condensates and of each 
residue. The diffraction patterns were run using copper radiation 
l 
with a nickel filter on a Norelco Spectrometer. Hanawalt's method of 
x-ray analysis was employed to determine the compounds present in the 
condensates and residues. The A.S.T.M. index of x-ray diffraction 
2 
data was the primary source of the x-ray data. This technique was 
utilized for all the x-ray diffraction data obtained in this investi-
gation. 
I. Nickel Chloride Condensate. Only one pattern of nickel 
chloride is shown in Figure 10, run number 262. Similar patterns 
were obtained for other condensates. 
II. Nickel OXide-Calcium Chloride Reaction. The residues 
from the nickel oxide-calcium chloride runs yield a pattern of nickel 
oxide as well as one of' the strong calcium oxide lines. See run 
number 214, Figure 10. 
III. Alumina Addition and the Formation of' Pseudo Ultramarine. 
Reactions in which alumina was combined with calcium chloride and 
nickel oxide resulted in the formation of a compound whose x-ray .dif-
fraction pattern was, in many respects, similar to the pattern of ultra· 
'1Jarine yellow; furthermore, this same pattern was obtained from the 
l J. D. Hanawalt, H. w. Rinn, and L. K. Frevel, "Chemical 
!Analysis by X-ray Diffraction," Ind. and Eng. ~., 10:457-512, 1938. 
2 Alphabetical~ Grouped Numerical~ £!.X-Ray Dif'fraction 
Data, Special Technical Pub. No. 48-B, (Philadelphia,A.r.T.M., 1950). 
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Figure 10. X-ray diffraction patterns of the condensates 
and residues obtained by reacting NiO and Ca.Cl2 , 
alone and in the presence of Al20s. 
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residues of runs in which manganese and iron oxides were chlorinated 
1 in the presence of alumina. These similarities can be seen in Table 
IV. The analysis of the ultramarine yellow is given as follows: 
13.96 per cent aluminum, 26.75 per cent silicon, 8.90 per cent sodium, 
3 
6.45 per cent sulfur and the balance oxygen. It has been shown that 
calcium and chlorine can replace the sodium and sulfur respectively in 
4 
the ultramarines. In general the ultramarines are considered to be 
sodium or calcium altuninum silicates. However, silica was not added 
to any of the above reactions, therefore, the compound which was 
formed probably was a calcium aluminate, or a calcium chloride alumi-
nate, whose crystal structure was similar to the structure of ultra-. 
marine. 
In addition to the formation of a pseudo ultramarine, nickel 
aluminate was also found in minor amo'lints as shown in Figure 10, run 
number 312. Unreacted nickel oxide and alumina remained in the residu • 
The former was found in the x-ray diffraction pattern, whereas the 
latter could be detected only by optical methods. 
IV. Silica Additions. X-ray diffraction patterns of the res· 
dues of the nickel oxide, silica and calcium chloride runs show the 
presence of wollastonite (CaSiOs), as well as unreacted nickel oxide 
and silica. See Figure 11, run number 261. These three constituents 
3 E. Gruner, "Uper den Silikatischen Anteil der Ultramarine," 




X-RAY DIFFRACTION DATA OF ULTRAMARINE YELLOW AND THE 
RESIDUES FROM RUNS NO. 312, 300, 425 
A.S.T.M. Run No. 312 Run No. 300 Run No. 425 
Card No. 2-0335 Residue Residue Residue 
Mo Radiation Cu Radiation Fe Radiation Fe Radiation 
0 
I/I1 I/I1 I/I1 I/I1 dA 
3.70 100 100 100 * 
2.88 80 60 50 100 
2.63 80 40 25 50 
2.14 8o 100 50 100 
1.79 Bo 16 -- --
1.61 6o 25 25 40 
1.55 40 20 40 --






1.37 6o 5 






Line masked by super-position of another line. 
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Ni eke 1 Borate 
CaCl.2• 3Cas (P04)2 
1 o· 90° 
Figure ll . X-ray diffraction patterns of the 
residues obta.ined by reacting NiO and CaC12 
in the presence of SW2 and :B2 0s and by re-
acting Nts(P04)2 and Ca.Cl2 . 
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were a.J.so observed by optical methods. 
v. ".~ OXide Additions. Reactions in which boron oxide 
was added resulted in the .formation of compounds other than mono cal-
cium borate. Compounds which may have been formed are di or tri cal-
cium borate and/or nickel borate. The x-ray diffraction pattern ob-
tained from the residues, as shown in Figure 11, run number 364, indi-
cated the presence of tri calcium borate and unreacted nickel oxide. 
No data were available to index a large number of lines appearing in 
the pattern; therefore, a synthetic nickel borate was prepared by heat-
ing a mixture of nickel oxide and boron oxide, for eight hours, at an 
The x-ray diffraction pattern made of this compound compared with a 
n'QDlber of lines in the pattern of the residue. Four diffraction lines 
could not be indexed. These had d values of ;.90, ;.oB, 2.79 and 1.82. 
VI. Nickel Orthophosphate-Calcium Chloride Reactions. '!be 
esidues from the chlorination of nickel orthophosphate contained 
ckel oxide and calcium chloro orthophosphate. These compounds were 
ound in the x•ray diffraction pattern shown in Figure 11, run num;ber 
Chemical Analysis. The nickel oxide and the nickel orthophos-
hate which were placed into the charges, as well as the condensates 
residues from this series of runs were analysed for nickel by the 
lectrolysis of basic solutions. Samples weighing 200 milligrams each 
re taken for the analysis of all of the residues/ the nickel oxide 
the nickel orthophosphate; similarly, samples weighing 100 milli-
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grams each were used for the condensates. The electrolytic method was 
utilized in preference to the dimethylglyoxime precipitation method be 
cause in the latter method the amount of nickel in the samples would 
result in precipitates too voluminous to be easily handled in an 
analysis. 
Compilation ~ Results. The data of Table V and Figure 12 
show the nickel content of the products of reactions between nickel 
compounds and calcium chloride. The bar graphs in Figure 12 illus-
trate that the highest conversion of nickel in the charge to nickel 
chloride was obtained from the reaction of nickel oxide with calcium 
chloride in the presence of silica. A slightly lower conversion re-
sulted from the reaction between nickel orthophosphate and calcium 
chloride. Additions of boron oxide to the nickel oxide-calcium 
chloride reaction resulted in conversions which were approximately 
six per cent lower than those obtained from the nickel orthophosphate 
chlorination. Alumina ad.di tions effected a higher conversion than the 
reactions between nickel oxide and calcium chloride without an addi-
tion. The latter reaction gave the lowest conversion. 
All of the reactions in which additions had been ma.de produced 
approximately the same grade of condensate. They contained-between 
· seventy nine and eighty two per cent nickel chloride; the balance was 
calcium chloride. Condensates resulting from the chlorination of 
nickel orthophosphate were seventy five per cent nickel chloride; 
hereas, those resulting from the oxide-chloride reactions contained 
only sixty seven per cent nickel chloride. 
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TABLE V 
PER CENT NICKEL IN THE PRODUCTS OF REACTIONS 
BETWEEN NICKEL COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight CaCl2, 4.oooo gr. 
Per cent nickel in NiO, 76.5% Ni. 
Per cent nickel in Ni3 {P04)2, 44.0% Ni. 
Run No. 214 215 261 262 312 
Weight in· gr. Nis(P04)2 
-- -- -- -- --
Weight in gr. NiO 2.9798 2.9798 2.9798 2.9798 2.9798 
Additive 
-- --
Si~ Si02 Al20s 
Weight in gr. Additive 
-- --
2.1643 2.1643 3.6735 
Weight in gr. Condensate 1.3500 1.5431 3.3582 3.1860 1.8664 
i Ni in Condensate 30.0 30.1 36.9 37.2 36.1 
~ NiC12 in Condensate 68.2 66.4 81.4 82.0 79.5 
% Total Ni in Condensate 17.8 20.5 59.5 52a 29.6 
Weight in gr.NiCl2 0.9207 1.0246 2.7336 2.6125 1.4838 
Log of grams NiCl2 -0.03588 0.01055 o.43674 o.41706 0.17137 
Weight in gr. Residue 4.1964 4.0713 5.3542 4.9728 7.3365 
1' Ni in Residue 46.9 47.0 16.9 16.7 · 22.0 
'J, Total Ni in Residue 86.6 84.3 39.8 36.5 70.9 
'J, Ni Accounted for lo4.4 104.8 99.3 88.6 100.5 
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TABLE V {Continued} 
PER CENT NICKEL IN THE PRODUCTS OF REACTIONS 
BETwEEN NICKEL COMPOUNDS AND CALCIUM CHLORIDE 
·Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight CaCl2, 4.oooo gr. 
Per cent nickel in NiO, 76.5% Ni. 
Per cent nickel in Ni3(P04)2 , 44.0% Ni. 
Run No. 313 363 364 171 172 
Weight in gr. Ni3(P04)2 
-- -- --
4.3974 4.3974 
Weight in gr. NiO 2.9798 2.9798 2.9798 -- --
Additive A12~ ~~ ~~ -- --
Weight in gr. Additive 3.6735 2.5096 2.5096 
-- --
Weight in gr. Condensate 1. 7699 2.8122 2.7712 2.9688 3.0536 
% Ni in Condensate 36.8 38.6 37.6 33.9 34.1 
% NiCl2 in Condensate 81.0 85.2 82.9 74.8 75.2 
% Total Ni in Condensate 28.7 47.7 45.8 52.1 53.9 
Weight in gr. NiC12 i.4336 2.3950 2.2973 2.2207 2.2963 
Log of grams NiCl2 0.15643 0.37931 0.36126 0.34649 0.36106 
Weight in gr. Residue 7.2873 5.9646 5.9979 4.4172 4.-4143 
·-
<fo Ni in Residue 21.8 16.4 16.6 13.1 13.4 
'lo Total Ni in Residue 69.9 43.7 43.7 30.0 30.6 





























.... Per cent of total nickel charged found in condensate 
Per cent of total nickel charged found in residue 
1===:J Per cent of nickel chloride in condensate 
Figure 12. Nickel content of the products of reactions between nickel 
compounds and calcium chloride . Temperature, 800°C. Time under 
helium, 2 hours . Time under vacuum, 12 hours . 
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Relationship Between ~ Standard Free Energy Change ~ the Weight £!_ 
Nickel Chloride Condensed 
Figure 13 shows the relationship between the standard free 
energy change of reaction and the log of the weight, in grams, of 
nickel chloride in the condensate. The standard free energy changes 
of the various reactions were obtained from Table II and the logs of 
the weights of nickel chloride were taken from Table v. It can be 
seen that the points for the reactions between calcium chloride and 
nickel oxide and the reactions in which alumina and silica had been 
added define a straight line. The points representing the reactions 
in which boron oxide was added lie slightly below this straight line. 
In fact, one of these points lies close enough to the curve to be with 
in the range of the experimental error. The position of these points 
on the free energy axis results from the fact that tri calcium borate 
was found in the residue; even though enough boron oxide was present 
in the charge to form mono calcium borate. Why tri calcium borate was 
formed under these conditions is not known. It bas been shown that 
some form of nickel borate was also found in the residues. Possibly, 
the f orma.tion of this compo~d occurred before chlorination. If the 
nickel borate had reacted with the calcium chloride the position of 
these points would be shifted to tbe right by a value which correspond 
to the standard free energy change accompanying the formation of nicke 
borate from its constituent oxides. These data are not available and 
therefore, this calculation cannot be made. 
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A. NiO + CaCl2 = N1Cl2 + Cao 
20 
AF 0 1073°K 
Legend 
B. NiO + CaCl2 + Al20s = NiCl2 + CaAl204 
C. NiO + CaCl2 + 1/3 B20s = NiCl2 + 1/3 CasB206 
D. NiO + CaCl2 + Si02 = NiCl2 + CaSi($ 
30 40 
Figure 13. Relations~ip between the log of the weight, in grams, 
of nickel chloride in the condensate and the stand.a.rd free 
energy of reaction, based on one mole of calcium chloride. 
rthophosphate or calcium cbloro orthophosphate. Therefore, the ex-
rimental data obtained from the chlorination of nickel orthophos-
hate could not be plotted. 
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Nickel oxide and nickel orthophosphate were chlorinated by 
cium chloride, at 800°C., and under a vacuum. Additions of alumina, 
ilica and boron oxide to the nickel oxide-calcium chloride reaction 
ncreased the per cent nickel oxide converted to nickel chloride. 
A logarithmic relationship was shown to exist between the 
ight of nickel chloride volatilized and the standard free energy 
bange accompanying the chlorination reaction. 
CHAPTER VI 
CHLORINATION OF COBALT COMPOUNDS 
ntroduction 
Cobalt oxide a.nd cobalt orthophosphate were chlorinated by 
eaction with calcium chloride to produce cobalt chloride. Silica, 
umina and boron oxide were added to the cobalt oxide-calcium 
hloride mixtures and the effect of these additives on the conversion 
f cobalt oxide to cobalt chloride were observed. 
Preparation ~ Reactants. The cobalt oxide and the cobalt 
rthophosphate which were used in this series of runs were analytical 
ade reagents and were obtained in the powdered state. The latter 
compound was purchased in the form of the octa hydrate, from which 
he water was removed by heating, under a vacuum, for eight hours, at 
°C. Similarly, the cobalt oxide was also dried under a vacuum, for 
hours at 250°c. The additives a.nd the calcium chloride which 
re used in this series of experiments were of the same quality and 
re prepared in the same manner as the materials described in the · 
Experimental Conditions. The charge was weighed, mixed, bri-
uetted and placed into furnace number one, as described in Chapter 
v. All of the runs were ma.de under the same conditions. The porce-
ain crucible and its charge were placed into the 8oo0 c. zone of the 
they were held for two hours in a helium atmosphere. 
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After this period of time the system was evacuated and held under a 
vacuum of three microns of mercury, for twelve hours; then the furnace 
was discharged. 
Decomposition 2!_ Cobaltous, ~ ~· The higher oxide of co-
balt, Ce>s04 was the original material mixed into the charges. A 
briquet of this oxide readily decomposed to cobaltous oxide, Coo, 
under the operating conditions of the furnace. Furthermore, the un-
reacted oxide which remained in the residues was in the form of' co-
baltous oxide. No trace of the higher oXide could be found in any of 
the residues from the chlorination experiments. Therefore, it may be 
assumed that the higher oxide decomposed before the chlorination re-
actions occurred. For this reason, the free energy calculations were 
based on the chlorination of' cobaltous oxide. 
IExDerimental Data 
-
Condensates. The cobalt chloride, as well as the, ·calcium 
chloride, were deposited on the upper eight inches of the condenser. 
The largest volume of condensate was found on the top of the cond~nser, 
Just below the cap into which the crucible support was placed; further-
ioore, no deposit was obtained on the condenser cap. Near the top of 
. rthe deposit, all of the condensates were dark blue in color. At lower 
tl.evels the color changed to light blue and then to blue gray.. Beneath 
the blue, cobalt chloride, deposit was a thin coating of calcium 
chloride. 
In every case, the condensates were easily scraped from the 
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condenser. Heavy deposits were the easiest to remove, since the 
large segments of the thicker layers could be separated from the con-
denser by means of a few strokes of the spatula. 
Residues. The residues retained the general shape of the 
original compact. Both of the residues from the cobalt oxide-calcium 
chloride runs were fairly porous and had a purple color interspersed 
with brown areas. Additions of silica and boron oxide to the cobalt 
oxide-calcium chloride mixture, did not appreciably change the pJ:zysical 
characteristics of the residues; however, when alumina was added the 
color of the residues was dark blue. 
Chlorination of cobalt orthophosphate yielded porous residues 
ch retained the shape of the original compact. The lower half and 
the inner portion of these residues were gray in color. On the other 
d, the outer portion of the upper half of the cylindrical residues 
Little difficulty was encountered in crushing and. grinding the 
esidues from all of the runs except, those residues from reactions in 
ch boron oxide was added. 
Condition 2!_ Crucibles. The crucibles in which cobalt compourXls 
been chlorinated were in good condition. In a few cases, the re-
idues had to be broken loose from the crucibles and when this occurred 
residue remained welded to their inner walls. 
Identification ~ Compounds ~ X-ray Diffraction. X-ray dif-
raction patterns were ma.de of a number of the condensates and of each 
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residue. The diffraction patterns were run using iron radiation with 
a manganese filter on a Norelco Spectrometer. 
I. Cobalt Chloride Condensates. Only one pattern of cobalt 
chloride is shown in Figure 14, run number 350. Similar patterns were 
obtained for other condensates in this series of experiments. 
II. Cobalt Oxide-Calcium Chloride Reactions. The residues 
from the cobalt oxide-calcium chloride runs gave a strong pattern of 
unreacted cobalt oxide. No calcium oxide lines were observed, and a 
number of low intensity lines could not be indexed. See run number 
207, Figure 14. 
III. Alumina Additions. The x-ray diffraction patterns of the 
residues of the reactions in which alumina was combined with cobalt 
oxide and calcium chloride showed the presence of only cobaltous 
aluminate, no cobaltous oxide remained unreacted. One of these pat-
terns is illustrated in Figure 14, run number 3o4. 
IV. Silica Additions. A residue of the reaction between· co-
balt oxide, calcium chloride and silica yielded the x-ray diffraction 
pattern shown in Figure 15, run number 252, which indicated .the pres-
ence of wollastonite (CaSiOs) as well as unreacted cobalt oxide and 
silica. Some difficulty was encountered in indexing these patterns 
since the silica lines masked some of the wollastonite lines and since 
he existing wollastonite lines were of low intensity. The existence 
f these compounds in the residues was con:f irmed by examining them 
_,,,. 
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Figure 14. X-ray diffraction patterns of the con-
densate and residues obtained by reacting coo 
and CaC12 , al one and in the presence of Al2 0s. 
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Figure 15. X-ray a.Ufraction patterns of the residues 
obtained by reacting CoO and CaC12 in t he presence 
of Si02 and B2 0s and by reacting Co(P04 )2 with 
CaC12. 
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with a petrographic Itµ.croscope. 
v. · ~~Additions. Addition of boron oxide to the 
cobalt oxide-calcium chloride . mixture produced a residue whose x-ray 
diffraction pattern showed the presence of calcium borate, as well as 
a small amount of unreacted cobaltous oxide. See Figure 15, rt.in num-
ber 351. These constituents were also observed by optical methods. 
VI. Cobalt Orthophosphate-Calcium Chloride Reaction. The 
residues from the chlorination of cobalt orthophosphate contained ·cal-
cium chloro orthophosphate. This compound was the only compound found 
in the x-ray diffraction pattern shown in Figure 15, run number 168. 
Chemical Ana!Ysis. The cobalt oxide and the cobalt orthophos-
phate, as well as the condensates and residues from this series of 
runs were analysed for cobalt by the electrolysis of basic solutions. 
Samples weighing 200 milligrams each were taken for a.Dalysis of all the 
residues, cobalt oxide and cobalt orthophosphate; similarly, samples 
weighing 100 milligrams each were used for the condensates. 
Compilation ~ Results. The data of Table VI and Figure 16 
show the cobalt content of the products of reactions between cobalt 
compounds and calcium chloride. The bar graphs in Figure 16 illus-
trate that the highest conversion of cobalt in the charge to cobalt 
chloride was obtained from the reaction of cobalt oxide with calcium 
chloride in the presence of boron oxide; furthermore, this reaction 
reduced a condensate which contained ninety five per cent cobalt 
TABLE VI 
PER CENT COBALT IN THE PRODUCTS OF REACTIONS 
BETWEEN COBALT COMPOUNm AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight CaCl2, 4.0000 gr. 
Per cent cobalt in Co3 04, 72.2<-f., Co. 
Per cent cobalt in Co3 {P04)2, 45.6% Co. 
Run No. 2o6 207 252 253 303 
Weight in gr. C<>s(P04)2 
-- -- -- -- --
Weight in gr. Cos04 2.3396 2.3396 2.3396 2.3396 2.3396 
Additive 
-- --
SiQa Si~ Al20s 
Weight in gr. Additive 
-- --
2.164o 2.1640 3.6736 
Weight in gr. Condensate 1.6103 1.4997 2.5500 2.5935 1.3234 
% Co in Condensate 31.1 30.3 38.3 38.7 32.9 
% CoC12 in Condensate 68.5 66.7 84.4 85.2 72.5 
1o Total Co in Condensate 29.7 27.2 57.8 59~4 25.9 
Weight in gr. C0Cl2 1.1030 1.0003 2.1522 2.2096 0.9595 
Log of grams C0Cl2 o.o4258 0.00013 0.33288 0.34431 -0.01796 
Weight in gr. Residue 2.4o82 3.5074 5.4187 5.3667 7.0186 
% Co in Residue 45.8 37.4 10.7 io.o- 17.4 
% Total Co in Residue 65.5 72.7 34.3 30.5 72.6 
% Co Accounted for 95.2 99.9 92.1 89.9 98.5 
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TABLE VI (Continued) 
PER CENT COBALT IN 'lliE PRODUCTS OF REACTIONS 
BETWEEN COBALT COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight cac12, 4.oooo gr. 
Per cent cobalt in C0304, 72.2% Co. 
Per cent cobalt in Co3 (P04)2, 45.6% Co. 
Run No. 304 350 351 167 168 
Weight in gr. Ces(P04)2 
-- -- --
4.4o56 4.4056 
Weight in gr. C0304 2.3:?96 2.3396 2.3396 
-- --
Additive A120s ~Os ~Os -- --
Weight in gr. Additive 3.6736 2.5096 2.5096 
-- --
Weight in gr. Condensate 1.4237 3.2520 3.3086 3.6972 3.7526 
% Co in Condens·ate 32.1 . 43.6 42.9 44.6 44.5 
% C0Cl2 in Condensate 70.7 96.0 94.5 98.3 98.0 
% Total Co in Condensate 27.1 84.o 84.2 82~6 83.6 
Weight in gr. C0Cl2 l.oo65 3.1219 3.1266 3.6343 3.6775 
Log of grams CoC12 0.00282 o.49432 o.49507 o.56o42 0.56555 
Weight in gr. Residue 6.9688 5.2124 5.0556 4.3535 4.1294 
% Co in Residue 17.5 4.2 4.7 5.4 5.8 
~ Total Co in Residue 72.4 13.0 14.1 11.8 12.0 






























--...i Per cent of total cobalt charged found in condensate 
Per cent of total cobalt charged found in residue 
Per cent cobalt chloride in condensate 
Figure 16. Cobalt content of t he products of reactions between cobalt 
compounds and calcium chloride . Temperature, 800°c. Time under 
helium, 2 hours. Time under vacuum, 12 hours. 
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chloride and five per cent calcium chloride. Slightly lower conver-
sions were realized from the reactions between cobalt orthophosphate 
and calcium chloride. But, these reactions produced the highest 
grade condensates, whose analyses were ninety eight per cent cobalt 
chloride. Conversions of sixty per cent, and condensates which con-
tained eighty five per cent cobalt chloride were obtained from the 
reactions in which silica had been added. Alumina additions resulted 
in conversions which were of approximately the same magnitude as those 
obtained from the reactions in which no additions had been made. The 
lowest grade of all of the condensates were realized from the latter 
reactions. 
Relationship Between ~ Standard Free Energy Change ~ ~ Weight of 
Cobalt Chloride Condensed 
Figure 17 shows the relationship between the standard free 
energy change of reaction and the log of the weight, in grams, of 
cobalt chloride in the condensate. The standard free energy changes 
of the various reactions were obtained from Table II. The logs of the 
weights' of cobalt chloride were taken from Table VI. It can be seen 
that the points representing the reactions between calcium chloride 
and cobalt oxide and the reactions in which silica and boron oxide had 
been added define a straight line. 
No free energy data are available for the formation of cobalt 
aluminate, cobalt orthophosphate, or calcium chloro orthophosphate; 
therefore, the experimental data for the chlorination of cobalt 


















A. Coo+ CaCl2 = C0Cl2 + ·Cao 
B. Coo + CaC~ + Si~ = C0Cl2 + CaSiOs 
c. Coo + CaCl2 + B20s = C0Cl2 + CaB204 
20 
Figure 17. Relationship between the log of the Weight, in grams, 
of cobalt chloride in the condensate and the standard free 
energy of reaction, based on one mole of calcium chloride. 
Conclusion 
Cobalt oxide and cobalt orthophosphate were chlorinated by 
calcium chloride, at 8oo°C., and under a vacuum. Additions of silica 
and boron oxide to the cobalt oxide-calcium chloride reaction in-
creased the per cent cobalt oxide converted to cobalt chloride. Alum-
ina additions resulted in the formation of cobalt alum:f.nate; conse-
quently, a slight decrease was noticed in the per cent conversion. 
The chlorination of cobalt orthophosphate gave good conversions and 
condensates which contained ninety eight per cent cobalt chloride. · 
Similar grades of condensates were obtained from the boron oxide ad-
ditions, somewhat lower grades were ·realized from the other reactions. 
A logarithmic relationship was shown to exist between the 
weight of cobalt chloride volatilized and the standard free energy 
change accompanying the chlorination re~ction. 
CHAPTER VII 
CHLORINATION OF MANGANESE COMPOUNDS 
Introduction 
?tBnganese oxide and manganese pyrophosphate were reacted with 
calcium chloride to produce manganese chloride. Additions o:r silica, 
alumina, or boron oxide were ma.de to the manganese oxide-calcium 
chloride mixtures and the e:rfects of these additions on the conver-
sion of manganese oxide to manganese chloride were observed. 
Preparation ~Reactants. The manganese oxide which was used 
in this investigation was a finely powdered, analytical grade reagent; 
whereas, the manganese phosphate was obtained in the purified grade. 
The latter compound was purchased in the :rorm of manganous orthophos-
phate hepta hydrate which was dehydrated by heating it in a vacuum, 
at 600°C., for six hours. This treatment not only dehydrated the 
phosphate but also decomposed the manganese orthophosphate to mangan-
ese pyrophosphate. A number of attempts were made to produce the 
orthophosphate but all o:r them failed; therefore, the pyrophosphate 
was chlorinated. 
Before the manganese oxide was used, it was dried under a 
vacuum for twelve hours at 250°c. The calcium chloride and the ad-
ditions which were used in this series o:r runs were obtained from the 
same sources and prepared in the same manner as the materials de-
scribed in Chapter v. 
Experimental Conditions. All of the manganese chlorination 
runs were made under the same conditions. First of all, the charge 
was weighed, briquetted and placed into furnace number two as de-
scribed in Chapter IV. After flushing the furnace with helium, the 
porcelain crucible and its charge were placed into the 8CX>°C. zone 
of the furnace and were held there for two hours. The system was 
evacuated to three microns of mercury and held under vacuum for 
twelve hours; then the furnace was discharged. 
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Deoomposi ti on £!_ Manganese Dioxide. Manganese dioxide was the 
original material mixed into the charges. A briquet of this oxide 
readily decomposed to manganous, ic oxide, Mns04, under the operating 
conditions of the furnace. Analysis by x-ray diffraction showed a 
small amount of manganous oxide on the surface of the compact; however, 
no trace of this oxide was found in the interior of the briquet. 
The unreacted oxide which remained in the residues was in the 
form of manganous, ic oxide. No trace of manganese dioxide could be 
found in any of the residues from the chlorination experiments; there-
fore, it may be assumed that the higher oxide decomposed before the 
chlorination reactions occurred. For this reason, the free energy 
calculations were based on the chlorination of manganous, ic oxide. 
:Experimental ~ 
Condensates. The manganese chloride condensed on the uppermost 
portion of the condenser; that is, the section which was in the hot 
zone of the furnace. The largest volume of condensate was deposited 
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just below the condenser cap. In every case, the deposit was divided 
into two parts which had tan and brown colored surfaces. Beneath the 
surface layers were pink and white crystals of manganese chloride 
which were easily removed from the condenser. 
Residues. The residues of the manganese oxide-calcium chlo-
ride reactions did not retain the shape of the original compact. They 
were found in the form of a button of large black crystals on the 
bottom of the crucible. Additions of silica caused the residues to 
bloat and fill the crucibles with a brown and white colored granular 
material. Alumina additions caused the residues to crack, but they 
retained the shape of the original compact. Porous, tan colored, 
residues were obtained when boron oxide was added. All of the residue 
had little mechanical strength and were easily crushed. 
Condition of the Crucibles. The crucibles in which manganese 
oxide had been chlorinated in the presence of alumina or b0ron oxide 
were in good condition. Those crucibles in which the residues had 
bloated or fused bad to be broken in order to remove the residues 
for analysis. A pink discoloration was noticed in the walls of some 
of the crucibles. These crucibles had probably absorbed some mangan-
ese from the reacting materials. 
Identification~ Compounds ~X-ray Diffraction. X-ray 
diffraction patterns were made of a number of the condensates and of 
each residue. The diffraction patterns were run on a Norelco Spectre-
meter, using both iron radiation with a manganese filter and copper 
radiation with a nickel filter. 
I. Manganese Chloride Condensates. Copper radiation was 
used to obtain the pattern for manganese chloride shown in Figure 18, 
run number 251. Similar patterns were obtained for other condensates 
in this series of experiments. 
II. Manganese Oxide-Calcium Chloride Reactions. Some dif-
ficulty was encountered in indexing the diffraction patterns obtained 
from the residues of the manganese oxide-calcium chloride reactions. 
The three strongest lines of manganous oxide were found in the pattern 
as well as a number of the lines of manganic oxide. Five relatively 
strong lines could not be indexed. See run number 202, Figure 18. 
III. Alumina Additions. The x-ray diffraction patterns of 
the residues of the reactions in which alumina was combined with man-
ganese oxide and calcium chloride showed the presence of unreacted 
manganous, ic oxide and pseudo ultramarine. One of these patterns is 
shown in Figure 18, run number 300. 
IV. Silica Additions. X-ray diffraction patterns ·of the 
residues of the manganese oxide, silica and calcium chloride runs show 
the presence of wollastonite (Ca.SiOs), as well as unreacted manganous, 
ic oxide and silica. See Figure 19, run number 250. These three 
constituents were also observed by optical methods. 
v. ~~Additions. Filtered copper radiation was 
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Figure 18. X-ray diffraction patterns of the con-
densates and residues obtained by reacting 
Mn:a04 and CaCl21 alone and in .the presence 
of ~03. · 
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Legend 
Iron radiation, manganese filter, Run No. 250, 16l~ 











Figure 19. X-ray diffraction patterns of the residues 
obtained by reacting Mn3 04 and CaCl;a in the pres~ 
ence of Si02 and B2~ and by reading ~P20-, and 
CaCl2. 
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utilized to obtain the x-ray diffraction pattern of the residues of 
the reactions in which boron oxide had been added to the manganese 
oxide, calcium chloride mixture. The pattern, as shown in Figure 19, 
run number 354, indicated the presence of tri calcium borate. No man-
· ganese compounds could be found in the pattern; however, three lines 
whose d values were 1.82, 2.65 and 3.05 could not be indexed. 
VI. Manganese Pyrophosphate-Calcium Chloride Reaction. The 
residue from the chlorination of manganese phosphate contained calcium 
chloro orthophosphate. This compound was the only compound found in 
the x-ray diffraction pattern shown in Figure 19, run number 164. 
Chemical Analysis. The manganese oxide and the manganese pyro-
phosphate which were placed in the charges, as well as the condensates 
and residues from this series of experime.nts were analysed for mangan-
ese by Volhard • s volumetric method. Samples weighing 200 milligrams 
each were taken for the analysis of all of the residues, the manganese 
oxide and the manganese pyrophosphate• The analyses of the condensate 
were obtained by taking samples weighing 100 milligrams each. Volhard' 
method for manganese determination was used because of its simplicity 
and its ability to yield reproducible results. 
Compilation ~ Results. The data of Table VII and Figure 20 
show the manganese content of the products of reactions between man-
ganese compounds and calcium chloride. The bar graphs in Figure 20 
illustrate that the highest conversion of manganese in the charge to 
anese chloride was obtained from the reaction of manganese 
TABLE VII 
PER CENT MANGA1m2E IN THE PRODUm'S OF REACTIONS BE~ 
MANGANFSE COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 8oo°C. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight eac~, 4.oooo gr. 
Per cent manganese in Mn~, 61.30% Mn. 
Per cent manganese in ~P2o.-r, 38.Cl{o Mn. 
Run No. 202 203 250 251 300 
Weight in gr. Moi2P2°'7 
-- -- -- -- --
Weight in gr. Mn~ 3.1328 3.1328 3.1328 3.1328 3.1328 
Additive 
-- --
Si~ Si~ A120s 
Weight in gr. Additive 
-- --
2.1640 2.1640 3.6736 
Weight in gr. Condensate 2.2385 2.2357 2.8285 2.6598 2.1849 
i Mn in Condensate 26.2 27-.0 35.5 35.6 33.9 
~ MnC12 in Condensate 6o.o 61.9 81.4 81.7 77.7 
~ Total Mn in Condensate 30.6 31.5 52.4 49.5 37.1 
Weight in gr. MnC~ 1.3431 i.3839 2.3024 2.1730 1.6977 
Log of grams MnCl2 0.12811 0.14111 0.36225 o.337o6 0.22986 
Weight in gr. Residue 3.3527 3.4246 5.7255 5.9636 7.22o6 
~ Mn in Residue 4o.2 38.9 17.4 15.0 12.5 
</, Total Mn in Residue 70.3 69.6 52.0 46.8 47.0 
</, Mn Accounted for 100.8 101.l lo4.4 96.3 84.l 
TABLE VII (Continued) 
PER CENT MANGANESE IN THE PRODUCTS OF REACTIONS BETWEEN 
. MANGANESE COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight eac12, 4.oooo gr. 
Per cent manganese in Mn02, 61.30% Mn. 
Per cent manganese in MnaP2°'7, 38.CJ/o Mn. 
Run No. 301 
Weight in gr. ~P207 
Weight in gr. Mn02 3.1328 
Additive Al20s 
Weight in gr. Additive 3.6736 
Weight in gr. Condensate 2.3oo6 
% Mn in Condensate 32.3 
1o MnC12 in Condensate 74.o 
<fa Total Mn in Condensate 38.7 
Weight in gr. Mo.Cl2 1.6977 
Log of grams MnCl2 0.22986 
Weight in gr. Residue 7.2560 
<fa Mn in Residue 12.7 
<fa Total Mn in Residue 47.9 






































Per cent of total manganese charged found in condensate 
Per cent of total manganese charged found in residue 
Per cent manganese chloride in condensate 
100 
Figure 20. Manganese content of the products of reactions between 
manganese compounds and calcium chloride. Temperature, 8oo 0 c. 
Time under helium, 2 hours. Time under vacuum, 12 hours. 
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pyrophosphate with calcium chloride; furthermore, this reaction pro-
duced a condensate which contained eighty seven per cent manganese 
chloride. Somewhat lower conversions were realized from the reactions 
of manganese oxide with calcium chloride and in the presence of boron 
oxide. But, these reactions produced the highest grade condensates 
whose analyses were eighty eight per cent manganese chloride. Silica 
additions resulted in conversions which were of the same magnitude as 
those obtained from the boron oxide additions; however, the condensates 
from these runs were not as rich in manganese chloride as the conden-
sates from the above reactions. Conversions of thirty eight per cent, 
and condensates which contained seventy six per cent manganese chlo-
ride were obtained from the reactions in which alumina had been added. 
The lowest conversions and the lowest grades of all of the condensates 
were obtained from the reactions in which no addition had been made. 
Relationship Between ~ Standard ~ Energy Change ~ ~ Weight of 
Manganese Chloride Condensed 
The relationship between the standard free energy change of re-
action and the log of the weight, in grams, of manganese chloride in 
the condensate is shown in Figure 21. The logs of the weights of man-
ganese chloride were taken from Table VII. The standard free energy 
changes of the various reactions were obtained from Table II. It can 
be seen that the points define a straight line. 
No free energy data are available for the formation of manganese 
~yrophosphate or calcium chloro orthophosphate; therefore, the experi-
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A. 1/3 Mns04 + CaC~ = MnC~ + Cao + 1/6 ~ 
B. 1/3 Mns04 + CaC~ + A120s = MDCI:! + CaA1204 + 1/6 ~ 
C. 1/3 Mos04 + CaCl2 + 1/3 :&c?Os = MnCl2 + 1/3 CasB206 + 1/6 ~ 
D. 1/3 Mns04 + CaC~ + Si02 = MnC!c? + CaSiOs + 1/6 02 
Figure 21. Relationship between the log of the weight, in grams, 
of manganese chloride in the condensate and the standard 
free energy of reaction, based on one mole of calcium chloride 
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could not be plotted. 
Conclusions 
Manganese oxide and manganese pyrophosphate were chlorinated 
by calcium chloride, at 8oo°C., and under a vacuum. An increase in 
the per cent conversion of manganese oxide to manganese chloride was 
realized when additions of alumina, silica, or boron oxide were ma.de 
to the manganese oxide-calcium chloride reactions. For each increase 
in the per cent conversion an increase in the grade of the condensate 
was also obtained. The highest grade of condensate was realized from 
the chlorination of manganese pyrophosphate. 
A logarithmic relationship was shown to exist between the 
weight of cobalt chloride volatilized and the standard free energy 
change accompanying the chlorination reaction. 
CHAPTER VIII 
CHLORINATION OF IRON COMPOUNDS 
Introduction 
Iron oxide was reacted with calcium chloride, in a vacuum, to 
produce ferrous chloride. Additions of alumina, silica, or boron 
oxide were made to the iron oxide-calcium chloride mixtures and the 
effects of these additions on the conversion of iron oxide to iron 
chloride were observed. These results are compared to those from the 
reaction of ferric orthophosphate and calcium chloride which will be 
described in more detail in Chapter x. 
In 1948, G. s. Frents reported that ferric oxide would not re-
act with calcium chloride in the absence of a reducing agent at tem-
1 
peratures between 500° and 900°c. With a reducing agent the oxide 
was chlorinated at 700°, 800° and 900°c. resulting in conversions of 
3.0, 59.10 and 62.30 per cent respectively. However, the data in this 
chapter show that the reaction can be obtained without a reducing 
agent if a vacuum is maintained in the furnace. 
Preparation ~ Reactants. The iron oxide which was used in 
this series of runs was a finely powdered, analytical grade reagent. 
Before the ferric oxide was used, it was dried under a vacuum for 
twelve hours at 250°c. The calcium chloride and the additions which 
1 G. s. Frents, "Interaction of ~tallic OXides and Sulfides 
With Metal Chlorides," Izvest.Akad.. Nauk SSSR,, otdel Tekh. Nauk, 1948, 
2:2~5-8. 
were used in this series of runs described in this chapter were ob-
tained from the same sources and prepared in the same manner as the 
materials described in Chapter v. 
Experimental Conditions. All of the iron oxide chlorination 
experiments were made under the same conditions. First the charge 
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was weighed, then briquetted and charged into either one of the two 
furnaces as described in Chapter IV. After flushing the furnace with 
helium the crucible and its charge were placed into the 800°C. zone of 
the furnace and were held there for two hours. The system was then· 
evacuated to three microns of mercury and held under vacuum for twelve 
hours, after which the furnace was discharged. 
In this series, a number of runs were ma.de in which the amount 
of additive was varied. The additives were charged in stoichiometric 
amounts, which when reacted with the calcium oxide produced would pre-
sumably form compounds which appear on the calcium oxide-additive 
equilibrium diagrams. The desired calcium compounds were not always 
obtained. 
Decomposition of Ferric ~· Ferric oxide, Fe2~, Wa.s the 
original material mixed into the charges. At 8oo0 c., and under vacuum, 
a briquet of this oxide partially decomposed to ferrous, ic oxide, 
e3 04, although an x-ray diffraction pattern of this briquet did not 
of magnetite, the briquet was found to be quite 
After reaction of this oxide with calcium chloride was com-
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~leted, an analysis by x-ray diffraction showed that the unreacted 
oxide which remained in the residue was ferric oxide. These residues 
were also magnetic thus indicating the presence of ferrous, ic oxide. 
Therefore, possibly both ferric oxide and magnetite reacted with the 
calcium chloride. 
Experimental Data_ 
Condensates. All of the ferrous chloride and the calcium 
chloride deposited on the upper nine inches of the condenser. Some 
of the condensates were a multitude of colors, ranging from black to 
red brown to yellow, lemon and green; however, most of them were a 
red brown layer of iron chloride interspersed with white and yellow 
streaks. 
The heavy deposits were easily removed, but, the thin deposits 
had to be chipped and scraped from the condenser. 
Residues. The residues from all of the iron oxide chlorination 
reactions retained the shape of the original compact. Boron oxide. ad-
ditions caused the residues to bloat and to become very porous. All 
of the residues had little ~chanical strength and were easi1y crushed. 
The crucibles from these runs were in good condition. Only a 
slight discoloration was noticed on the walls of some of the -crucibles. 
Identification of Compounds by X-ray Diffraction. Each residue 
and a number of the condensates were examined by x-ray diffraction • . 
The diffraction patterns were run on a Norelco Spectrometer, using 
iron radiation with a manganese filter. 
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I. Ferrous Chloride Condensate. Only one pattern of iron 
chloride is . shown in Figure 22, run number 123. Similar patterns were 
obtained for other condensates. 
II. ~ ~-Calcium Chloride Reactions. The residues 
from the iron oxide-calcium chloride runs yielded a pattern of ferric 
oxide as well as a strong pattern of unreacted calcium chloride. See 
Figure 22, run .number 426. Since the x-ray pattern was made without 
a dry atmosphere, the calcium chloride became hydrated, and appears as 
the di hydrate. A line whose d value was 8.2 could not be indexed. 
This line was · in that portion of the calcium chloride di hydrate 
pattern which was not given in the A.S.T.M. cards. M:>st probably the 
line is part of the di hydrate pattern. 
III. Alumina Additions. The x-ray diffraction patterns of 
the residues of reactions in which alumina was combined with iron oxid 
and calcium chloride showed the presence of unreacted ferric oxide and 
alumina as well as the pseudo ultramarine mentioned before. 
Two different amounts of alumina. were added to the reactions: 
(1) a ratio of one mole of alumina to one mole of calcium chloride was 
charged, and (2) a ratio of one half mole of alumina to one mole of 
calcium chloride. Both of these reactions gave residues with the same . 
diffraction pattern; one of which is shown in Figure 22, run number 42 
IV. Silica Additions. X-ray diffraction patterns of the 
residues of the iron oxide, silica, and calc~um chloride runs showed 
the resence of unreacted ferric oxide and silica. None of the pat-
10• lo· 










. _: ;e3~H~~: 
. Jj:f ;:.i'.·'.~:~'"c .··~ 
. · ~ .~-~~~:: ~.~-·- :.;:.~EJ 
- :: __ ~ ~ 
.. -· - ~ ~ . ~~ 
..... 
. t_j ___ i 
I . 




u Pseudo Ultra.marine 
A Al20s 
Figure 22. X-ray diffraction patterns of the con-
densates · and residues obtained by reacting 




terns indicated the presence of wollastonite (CaSiOs), although this 
compound was found in all of these residues by optical methods. 
Similar patterns were obtained for residues from reactions in 
which different ratios of silica to calcium chloride were charged. 
One of these patterns is shown in Figure 23, run number 427. 
v. Boron~ Additions. Reactions in which boron oxide 
was added resulted in the formation of di calcium borate and mono 
calcium borate. The x-ray diffraction patterns obtained from the 
residues of reactions in which a ratio of one third mole of boron 
oxide to one mole of calcium chloride was charged indicated the pres-
ence of mono calcium borate. See Figure 23, run number 418. Ratios 
of one half, one and two moles of boron oxide to calcium chloride 
yielded residues whose diffraction patterns showed that di . calcium 
borate was formed. See Figure 24, run number 411, 419 and.414. These 
borates were also identified by optical methods. 
In addition to the borates, unreacted ferric oxide and ferrous 
chloride di hydrate were also found in the diffraction patterns. Since 
these patterns were also made in a damp atmosphere, the ferr9us chlo-
ride became hydrated and appears as the di hydrate. 
VI. Ferric Orthophosphate-Calcium Chloride Reactions. The 
residues from the chlorination of ferric orthophosphate contain -cal-
cium chloro orthophosphate. The x-ray diffraction pattern shown in 
igure 23, run number 124, indicates that this compound was present. 
Chemical Analyses. The iron content of the condensates, the 
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Figure 2;. X-ray diffraction patterns of the residues 
obtained by reacting Fe20s and Ca.Cl2 in the pres-








Figure 21~ . X-ray diffraction patterns of the residues 
obtained by reacting Fe20:3 and CaC~ in the pres-
ence of B20:3• 
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residues, and · the ferric oxide were determined volumetrically by the 
oxidation of the ferrous ion to the ferric. The iron was reduced by 
stannous chloride and oxidized by a standard permanganate solution. 
The analyses of the condensates required samples weighing 100 milli-
grams each. The samples for the other analyses weighed 200 milligrams 
each. 
Compilation ~Results. The data of Table VIII and Figure 25 
show the iron content of the products of reactions between iron com-
pounds and calcium chloride. The bar graphs shown in Figure 25 
represent an average value of the data tabulated in Table VIII. When 
only one set of data was available this· was plotted. 
The data presented in Figure 25 illustrate that the highest 
conversion of iron in the charge to iron chloride was obtained from 
the reaction of iron orthophosphate with calcium chloride. The con-
densate from this run contained 78.7 per cent ferrous chloride. The 
lowest conversions and the poorest grades of condensate were realized 
from the iron oxide-calcium chloride reactions. Alumina additions 
slightly increased the per cent conversion and the grade of the con-
densates. Experiments in which equimolar quantities of silica and 
calcium chloride were present gave conversions of 26 per cent and 
condensates which contained 82.5 per cent ferrous chloride. Runs in 
which only half of this amount of silica was added resulted in ap-
proximately the same degree of conversion but, poorer grades of con-
densates~ 
Additions of increasing amounts of boron oxide had little 
TABLE VIII 
PER CENT IRON IN THE PRODUCTS OF REACTIONS 
BETWEEN IRON COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under helium, 2 hours. 
Time under vacuum, 12 hours. 
Per cent iron in Fe20s1 70.39'1o. 
!Per cent iron in FeP04, 35.501>. 
!Run No. 123 421 426 416 429 
Weight in gr. CaCl2 2.2076 4.0000 4.0000 4.oooo 4.oooo 
Weight in gr. Fe20s -- 2.8771 2.8771 2.8771 2.8771 
Weight in gr. FeP04 2.0000 




Weight in gr. Additive 
-- -- --
1.8368 1.8368 
~eight in gr. Condensate 1.2417 0.7643 o.4160 o.4894 o.6498 
% Fe in Condensate 34.7 26.52 26.41 28.84 25.98 
i FeCia in Condensate 78.7 6o.19 59.94 65.46 59.00 
i Total Fe in Condensate 68.9 10.07 5.46 7.01 8.32 
Weight in gr. Residue 2.4901 4.2763 5.2976 6.9316 6.3698 
i Fe in Residue 8.8 42.38 36~ 58 25.75 24.63 
% Total Fe in Residue 31.1 90.(){ 96.23 88.64 77.34 
% Fe Accounted for 100.0 100.14 101.69 95.65 85.66 
!Furnace No. 1 1 2 2 l 
TABLE VIII (Continued) 
PER CENT IRON IN THE PRODUCTS OF REACTIONS 
BETWEEN IRON COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under helium, 2 hours. 
Time under vacuum, 12 hours. 
Per cent iron in Fe20s, 70.39'1o. 
Per cent iron in FeP04, 35.50%. 
Run No. 420 
Weight in gr. CaCl2 4.oooo 
Weight in gr. Fe20s 2.8771 
Weight in gr. FeP04 
Additive A120s 
Weight in gr. Additive 3.6735 
Weight in gr. Condensate o.4120 
% Fe in Condensate 30.61 
% FeC12 in Condensate 69.47 
1' Total Fe in Condensate 6.24 
Weight in gr. Residue 8.7569 
1' Fe in Residue 19.67 
% Total Fe in Residue 85.27 
% Fe Accounted for 91.51 
Furnace No. 2 
425 432 433 
4.oooo 4.oooo 4.oooo 
2.8771 2.8771 2.8771 
A120s Si~ Si~ 
3.6735 l.o822 l.o822 
0.8713 1.8216 1.65$5 
29.06 29.4o 29.15 
66.oo 66.70 66.20 
12.54 26.49 23.92 
8.0167 5.o877 5.2815 
22.- 25.98 27.12 
87.4 65.37 70.87 
99.9 91.86 94.79 


















TABLE VIII (Continued) 
PER CENT IRON IN THE PRODUCTS OF REACTIONS 
BE'l'WEEN IRON COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under helium, 2 hours. 
Time under vacuum, 12 hours. 
Per cent iron in Fe20s, 70.3g'p. 
Per cent iron in FeP041 35.501>. 
Run No. 415 418 414 417 
Weight in gr. CaCl2 4.oooo 4.0000 4.oooo 4.oooo 
Weight in gr. Fe20s 2.8771 2.8771 2.8771 2.8771 
Weight in gr. FeP04 -- -- -- --
Additive ~Os B20s ~Os ~Os 
Weight in gr. Additive 0.8365 0.8365 1.2548 1.2548 
Weight in gr. Condensate 2.0000 1.7813 2.2833 2.200-
;, Fe in Condensate 35.58 35.91 36.35 36.67 
;, FeC12 in Condensate 80.75 81.50 82.50 83.23 
'fo Total Fe in Condensate 35.37 31.87 41.17 40.09 
Weight in gr. Residue 4.8372 4.9762 4.9874 4.9519 
;, Fe in Residue 24.25 23.70 21.88 20.50 
'lo Total Fe in Residue 58.31 58.75 54.12 50.44 
;, Fe Accounted :f'or 93.68 90.62 96.29 90.53 
Furnace No. 1 2 1 1 
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TABLE VIII (Continued) 
PER CENT IRON IN WE PRODUCTS OF REACTIONS 
BE'IWEEN IRON COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under helium, 2 hours. 
Time under vacuum, 12 hours. 
Per cent iron in Fe20:3 1 70.39'1o. 
Per cent iron in FeP04, 35·5°'1• 
Run No. 419 423 409 411 
Weight in gr. CaCl2 4.oooo 4.oooo 4.oooo 4.oooo 
Weight in gr. Fe20:3 2.8771 2.8771 2.8771 2.8771 
Weight in gr. FeP04 
-- -- -- --
Additive ~03 ~Os ~03 B203 
Weight in gr. Additive 2.5096 2.5096 5.0192 5.0192 
Weight in gr. Condensate 2.1145 2.1060 2.52o8 2.2466 
% Fe in Condensate 37.68 35.36 33.21 33.69 
% FeCl2 in Condensate 85.52 8o.25 75.37 83.27 
% Total Fe in Condensate 39.62 37.13 41.54 40.86 
Weight in gr. Residue 6.2121 . 6.3320 8.7677 8.7141 
% Fe in Residue 18.73 18.18 12.27 13.20 
% Total Fe in Residue 57.86 57.40 53.38 57.02 
% Fe Accounted for 97.48 94.53 94.92 97.88 
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igure 25. Iron content of the products of reactions between iron 
compounds and calcium chloride. Temperature, 800°C. Time 
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Figure 25 {Continued). Iron content of the products of reactions be-
tween iron compounds and calcium chloride. Temperature, 800°c. 
Time under helium, 2 hours. Time under vacuum, 12 hours . 
effect on the grade of the condensate. However, an increase in the 
per cent conversion was obtained when the ratio of the number of 
moles of boron oxide to the number of moles of calcium chloride was 
changed from 1/3:1 to 1/2:1. Additional boron oxide did not result 
in an increase in the per cent conversion. 
Conclusions 
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Ferrous chloride was prepared by the reaction of ferric oxide 
or ferric orthophosphate with calcium chloride at 8oo0 c. and under a 
vacuum. Additions of alumina, silica and boron oxide to the oxide-
chloride mixture, increased the per cent conversion and the grade of 
the condensate. 
A relationship between the standard free energy change and the 
log of the weight of iron chloride in the condensate could not be 
determined. This relationship is predicated on the assumption that 
all of the metallic chloride fo~d by a ~eaction is in the gaseous 
state. However, as has been explained before, a considerable amount 
of ferrous chloride was present in s<;>me of the residues. The presence 
of this chloride which was not in the gaseous state may explain there-
fore why the relationship did not apply to these reactions. 
CHAPTER IX 
CHLORINATION OF CHROMIUM, LEAD AND TITANIUM COMPOUNDS 
Introduction 
Chromic oxide, lead oxide and titanium oxide were chlorinated 
by reactions with calcium chloride and an attempt was made to chlori-
nate chromic phosphate by a similar reaction. Additions of alumina, 
silica, and boron oxide were made to the chromic oxide-calcium chlo-
ride and the titanium oxide-calcium chloride mixtures and the effects 
of these additions on the conversion of the oxides to the chlorides 
were observed. No additions were made to the lead oxide-calcium 
chloride mixtures. 
Preparation of Reactants. The chromium, lead and titanium 
oxides as well as the chromic phosphate which were used in these ex-
periments were analytical grade reagents. These materials were dried 
at 250°c. under a vacuum for twelve hours before they were mixed into 
the charges for the chlorination reactions. The additives and the 
calcium chloride which were used in this series of experiments were 
of the same quality and were prepared in the same manner as the 
materials described in Chapter v. 
Experimental Conditions. All of the runs except those in which 
titanium oxide was chlorinated were carried out under the same condi-
tions. The charges were weighed, mixed, briquetted and placed into 
the furnace as described in Chapter IV. The porcelain crucible and 
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its charge were placed into the 800°c. zone of the furnace and held, 
under a helium atmosphere, for two hours. The system was then 
evacuated and held under a vacuum of three microns of mercury, for 
twelve hours. After this period of time the furnace was discharged. 
The titanium oxide chlorination reactions were carried out in 
a horizontal vacuum furnace whose dimensions were similar to the 
dimensions of the furnaces described in Chapter IV. Because titanium 
tetrachloride has a high vapour pressure and because it is a liquid 
at room temperature, it could pot be collected on a water cooled con-
denser; therefore, it had to be collected in a cold trap. This trap 
was refrigerated by a mixture of dry ice and acetone. 
The cycle of operation of the furnace was as follows: 
1. Weigh, mix and briquet the charge. 
2. Place the charge in the furnace, evacuate the system and 
put dry ice into the cold trap. 
3. Raise the temperature of the furnace to the desired tem-
perature. 
4. Hold the furnace at temperature for eight hours. 
5. Cool furnace to r~om temperature and discharge. 
Experimental ~ 
Condensates. The condensates from two runs in which chromic 
oxide was reacted with calcium chloride in the presence of boron oxide 
deposited on the upper four inches of the condenser. These purple 
colored, chromic chloride, condensates were easy to remove from the 
condenser. 
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A heavy, white, condensate was obtained from the lead oxide-
calcium chloride reaction. Covering this layer was a film of black 
material whose composition could not be determined. 
Approximately one milliliter of titanium tetrachloride was 
obtained from the chlorination of titanium oxide with calcium chlo-
ride in the presence of boron oxide. The liquid chloride was slightly 
yellow in color. 
Residues. The chlorination of chromic oxide and chromic 
phosphate with calcium chloride produced green colored residues which 
had little mechanical strength and Yiere easily crushed. The residues 
from the reactions in which boron oxide had been added were slightly 
porous and retained the shape of the original compact. 
The residues from the chlorination of lead oxide with calcium 
chloride did not retain the shape of the original compact. It fused, 
and was found in the bottom of the crucible. 
The residues from the reactions in which titanium oxide was 
chlorinated with calcium chloride were very porous and they retained 
the shape of the original compact. 
Identification ~ Compounds by X-ray Diffraction. X-ray dif-
fraction patterns could not be obtained from the condensates or the 
residues from any of the chromic oxide or chromic phosphate chlorina-
tion reactions. Interpretation of the x-ray diffraction pattern shown 
in Figure 26, run number 430, indicated that the condensate from the 
lead oxide-calcium chloride reaction was only lead chloride. The resi 
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Figure 26. X-ray diff'raction patterns of the condensate and the 
residue obtained by reacting PbO and CaCl~. 
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dues from this reaction gave an x,-ray diffraction pattern which indi-
cated the presence of only calcium oxide. Ni.ckel filtered copper 
radiation was utilized to ol;>tain this pattern shown in Figure 26, run 
number 430. 
Chemical Analyses. The chromic oxide and the condensates and 
residues from this series of runs were analysed by the oxidation of 
the chromate by a sodium peroxide fusion, followed by the addition of 
a measured excess of ferrous sulfate and titration of the excess sul-
fate by potassium permanganate. 
The lead analyses were ma.de by the mol;fbdate method in which 
an ac~tic acid solution of lead acetate was titrated with a standard 
solution of ammonium molybdate and with tannic acid as an outside 
indicator. 
Spectrographic analyses were ma.de of the titanium tetrachloride 
and all of the condensates from the chromic oxide and the chromic 
phosphate chlorination reactions. The spectrograms indicated the 
presence of chromium only in the condensates of the runs in which 
boron oxide was added. The titanium tetrachloride contained ~ome 
boron and a small amount of iron as impurities. The latter impurity 
probably caused the yellow coloration of the tetrachloride. 
Compilation~ Results. The data of Table IX and Figure 27 
show the chromium content of the products of reaction between chromium 
compounds and calcium chloride. The only reactions which yielded 
chromic chloride were the reactions in which boron oxide was present. 
TABLE IX 
PER CENT CHROMIUM IN 'llIE PRODUCTS OF REACTIONS 
BE'IWEEN .CHROMIUM COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight CaCl2, 4.0000 gr. 
Per cent chromium in Cr20s, 65.9~ er. 
Run No. 212 
Weight in gr. CrP04 
--
Weight in gr. Cr20s 2.7391 
Additive 
--
Weight in gr. Additive 
--
Weight in gr. Condensate 0.1812 
;, Cr in Condensate o.o 
;, CrCls in Condensate o.o 
;, Total Cr Condensate o.o 
Weight in gr. CrCls 
--
Weight in gr. Residue 5.0959 
;, Cr in Residue 
--
'lo Total Cr in Residue 100 






























TABLE IX {Continued} 
PER CENT CHROMIUM IN THE PRODUCTS OF REACTIONS 
BE'I'WEEN CHROMIUM COMPOUNDS AND CALCIUM CHLORIDE 
Temperature, 800°c. 
Time under vacuum, 12 hours. 
Time under helium atmosphere, 2 hours. 
Weight cac12, 4.oooo gr. 
Per cent chromium in Cr2Qs, 65.92% Cr. 
Run No. 360 
Weight in gr. CrP04 
Weight in gr. Cr20s 2.7391 
Additive ~Os 
Weight in gr. Additive 2.5096 
Weight in gr. Condensate o.8474 
% Cr in Condensate 12.2 
% CrC13 in Condensate 37.0 
% Total Cr Condensate 5.7 
Weight in gr. CrCls 0.3135 
Weight in gr. Residue 6.4814 
% Cr in Residue 24.76 
% Total Cr in Residue 89.2 












































































Per cent of total chromium charged found in condensate 
Per cent of total chromium charged found in residue 
c=::::=:J Per cent chromium chloride in condensate 
Figure 27. Chromium content of the products of reactions between 
chromium compounds and calcium chloride . Temperature , 800°c . 
Time under helium, 2 hours. Time under vacuum, 12 hours . 
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These reactions converted an average of 6.6 .per cent of chromic oxide 
to chromic chloride. The grades of these condensates were low; they 
averaged only 39.5 per cent chromic chloride. No reactions occurred 
between the chromic oxide or the chromic phosphate and calcium chlo-
ride alone, and additions of alumina and silica did not cause a re-
action to take place. 
The data pertaining to the reaction of lead oxide with calcium 
chloride is given in Table X. It is shown that 91.2 per cent of the 
lead oxide charged was converted to lead chloride. The condensate 
produced by this reaction was a high grade lead chloride. 
No quantitative data were obtained for the chlorination of 
titanium oxide. Titanium tetrachloride was formed from titanium oxide 
only when boron oxide was added to the titanium oxide-calcium chloride 
mixture. Additions of silica and alumina did not cause a reaction to 
take place. 
Conclusions 
Chromic oxide alone, or in the presence of alumina and silica 
did not react with calcium chloride. Additions of boron oxide re-
sulted in conversions of only a few per cent of the chromic oxide to 
chromic chloride. 
Titanium oxide was also found to react with calcium chloride, 
at 800°c., and under a vacuum, only in the presence of boron oxide. 
A small amount of titanium oxide was converted to titanium tetra-
chloride. 
A ve high conversion and a very high grade of lead chloride 
TABLE X 
PER CENT LEAD IN THE PRODUC'IB OF REACTIONS 
BETWEEN LEAD OXIDE AND CALCIUM CHLORIDE 
Run No. 430 
Temperature 800°c. 
Time under vacuum 12 hours 
Time under helium 2 hours 
Weight CaCl2 4.oooo gr. 
Weight PbO 8.0436 gr. 
Pb in PbO 98.(JJjo 
Weight Condensate 8.8855 gr. 
Pb in Condensate 75.1% 
PbC12 in Condensate 100.8% 
% Total Pb in Condensate 91.2% 
Weight Residue l.34o4 gr. 
Pb in Residue 6.8% 
% Total Pb in Residue 1.2°/o 
% Pb Accounted for 92.4% 
129 
was produced from the reaction of lead oxide with calcium chloride, 
at 800°c., and under a vacuum. 
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CHAP.rER x 
CHLORINATION OF FERRIC ORTHOPHOSPHATE 
Introduction 
~tal chlorides can be formed by reacting metal phosphates with 
a reducing agent in the presence of gaseous chlorine. When a phos-
pbate is treated in this manner, phosphorous oxychloride, POCJ.g, is 
1 
formed. This compound requires as much chlorine as the material 
which is to be chlorinated; therefore, the efficiency of the chlori-
nation is low. 
By means of a double decomposition reaction the phosphate 
radical may be combined with an element other than chlorine. This 
element could enter the reaction as a chloride, thus the chloride ful-
fills a double role; that of furnishing the chlorine for the cblori-
nation and providing a cation to react with the phosphate. 
In the series of experiments described in this chapter ferric 
phosphate was chlorinated by reaction with calcium chloride. A number 
of the reaction conditions were varied, and the effects of these var-
iations on the conversion and the grade of the condensate were deter-
mined. 
Preparation ~ Reactants. The calcium chloride was dried at 
200°C. and under a vacuum for 12 hours. The ferric orthophosphate was 
l F. R. Hartley and A. w. Wylie, "Preparation of Rare Earth 
Chlorides by Chlorination of Monazite," !!.• Soc. ~· Ind., Jan., 
1950, PP• 1-7. 
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obtained by drying ferric orthophosphate tetra.hydrate for 72 hours at 
400°C • . The calcium chloride was a granular, analytical grade reagent 
of approximately 20 mesh, whereas the phosphate was a fine powder. 
E?Cperimental Conditions. In all of the runs, in this series, 
two grams of ferric orthophosphate were placed into the charge. Cal-
cium chloride was weighed and mixed with the phosphate. The mixture 
was briquetted and placed into furnace number one, as described in 
Chapter IV. Subsequently, the porcelain crucible and its charge were 
pushed into the hot zone of the furnace where they were held for two 
hours in a helium atmosphere. After this period of time the system 
was evacuated and held under a vacuum of three microns of mercury- for 
a predetermined length of time, then the furnace was discharged. 
Experimental ~ 
Condensates. The ferrous chloride, as well as some calcium 
chloride, was deposited on the upper seven inches of the condenser. 
Generally, the deposits were found in two distinct layers. The inner 
deposits were red brown in color while the outer material contained a 
variety of colors ranging from white to yellow to brown. In a few 
cases the ferrous chloride deposited on one side of the condenser and 
the calcium chloride on the other. If it bad been desired, a good se-
paration of these compounds could have been made as they were being 
removed from the condenser. 
All of the condensates were easy to remove from the condenser. 
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When the deposits contained high percentages of ferrous chloride 
considerable difficulty was encountered in keeping the condensates in 
the anhydrous condition. 
Residues. The residues were generally tan in color. They re-
tained the shape of the original compact at temperatures below 1200°C. 
except for run number 127 in which the residue fused to the crucible. 
Most of the residues were quite porous and could easily be ground in a 
mortar and pestle. 
Identification.£!_ Compounds ~X-ray Diffraction. X-ray dif-
fraction patterns were made of a number of the condensates and residues 
The condensates contained ferrous chloride and the residues were cal-
cium chloro orthophosphate. One of each of these patterns is shown in 
Figures 22 and 23. These patterns were run using iron radiation with 
a manganese filter on a Norelco Spectrometer. 
Chemical Analysis. The iron contents of the condensates, the 
residues and the ferric orthophosphate were determined volumetrically 
by the oxidation of the ferrous ion to the ferric. Samples weighing 
200 milligrams each were put· into solution with hydrochloric acid. 
The iron was reduced by stannous chloride and oxidized by a standard 
permanganate solution. 
Compilation ~ Results. A series of eleven runs were ma.de in 
hich the time under vacuum, the temperature, and the composition of 
the charge were varied. The data of Table XI and Figure 28 show the 
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TABLE XI 
PER CENT IRON IN THE PRODUC'IB OF FERRIC ORTHOPHOSPHATE AND 
CALCIUM CHLORIDE REAC'IED UNDER VACUUM FOR VARIOUS LENGTHS OF TIME 
Time under helium atmosphere, 2 hours. 
Temperature, 600°c. 
Weight FeP04, 2.0000 gr. 
Weight CaCl2, 2.2076 gr. 
Per cent iron in FeP04, 35.5% Fe. 
Run No. 118 
Time Under Vacuum, in hours. 3 
Weight in gr. Condensate 0.2897 
% Fe in Condensate 26.4 
% FeC12 in Condensate 59.8 
% Total Fe in Condensate 19.6 
Weight in gr. Residue 3.3838 
% Fe in Residue 16.5 
% Total Fe in Residue 77.6 
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Figure 28. Iron content of the products of FeP04 and CaC12 reacted 
under vacuum. Temperature, 600°c. Time under helium, 2 hours. 
Ratio of FeP04 to CaCl2 constanto 
effect of time under vacuum on the iron content of the products of the 
reaction. The temperature of the reaction was held constant at 600°C. 
The time under helium atmosphere was held constant at two hours. A 
rapid increase in conversion was obtained during the first twelve 
hours under vacuum. No appreciable increase in the yield was noticed 
at longer times. The grade of the condensate also increased with in-
crease in time; therefore, it may be assumed that the largest portion 
of the calcium chloride was volatilized in the first few hours of the 
reaction and decreasing amounts were volatilized as the reaction pro-
gressed. This can be explained by the fact that larger amounts of 
unreacted calcium chloride were available for volatilization during 
the early stages of the reaction. 
The data of Table XII and Figure 29 show the variation of the 
iron content of the products of the reaction with temperature. A 
steady increase in the per cent conversion was realized with increase 
in temperature. Similarly, the grade of the condensate increased with 
temperature from 600°c. to 1000°C.; above 1000°C. a decrease in the 
grade was obtained. It was found that below 500°c. ferric phosphate 
does not react with calcium chloride. 
The effect of changing the ratio of ferric phosphate to calcium 
chloride on the conversions and the grade of the condensates was 
determined and is shown in Table XIII and Figure 30. When a 50 per 
cent excess of calcium chloride was used the conversion of ferric 
phosphate to ferrous chloride was increased from 81.2 to 96.6 per cent. 
Additional calcium chloride did not increase the yield, but lowered 
TABLE XII 
PER CENT IRON IN THE PRODUC'IB OF FERRIC ORTHOPHOSPHATE AND 
CALCIUM CHLORIDE REACTED AT A NUMBER OF TEMPERATURES 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 12 hours. 
Weight FeP04, 2.0000 gr. 
Weight CaCl2, 2.2076 gr. 
Per cent iron in FeP04, 35.5% Fe. 
Run No. 120 
Temperature, oc. 600 
Weight in gr. Condensate 1.0927 
'fo Fe in Condensate 32.7 
% FeCl2 in Condensate 74.1 
oj, Total Fe in Condensate 61.1 
Weight in gr. Residue 2.6300 
'fo Fe in Residue 9.9 
'fo Total Fe in Residue 36.8 
"/o Fe Accounted for 97.9 
123 124 125 
Boo 1000 1200 
1.2417 1.3566 2.2583 
34.7 36.5 32.8 
78.6 82.7 74.3 
68.9 81.2 82.2 
2.4901 2.2583 2.1273 
8.8 6.1 3.9 
31.1 19.5 u.8 
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Figure 29. Iron content of the products of FeP04 and CaC12 reacted at 
a number of temperatures. Time under helium, 2 hours. Time un-
der vacuum, 12 hours. Ratio of FeP04 to CaCl2 constant. 
TABLE XIII 
PER CENT IRON IN THE PRODUC'IB OF FERRIC ORTHOPHOSPHATE 
AND CALCIUM CHLORIDE REACTED WITH VARIOUS RATIOO OF 
FERRIC ORTHOPHOSPHATE TO CALCIUM CHLORIDE 
Temperature, 1000°C. 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 12 hours. 
Weight FeP04, 2.0000 gr. 
Per cent iron in FeP04, 35·5'/o Fe. 
Run No. 127 
Weight in gr. CaC12 1.4128 
Weight in gr. Condensate o.8428 
'/o Fe in Condensate 32.2 
1o FeC12 in Condensate 73.3 
Gr. FeCl2 in Condensate 0.6178 
Gr. CaC12 in Condensate* 0.2250 
'/o Total Fe in Condensate 44.4 
Weight in gr. Residue 2.1062 
'fo Fe in Residue 17.6 
'lo Total Fe in Residue 52.4 













* Obtained by subtracting the weight of FeC12 in the 
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Figure 30. Iron content of the products of FeP04 and CaCl2 reacted 
with various ratios of FeP04 to CaC~. Temperature, 1000°C. 
Time under helium, 2 hours. Time under vacuum, 12 hours. 
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the grade of the condensate. This once again was due to the calcium 
chloride which volatilized from the reaction mixture. 
Since almost complete conversion was realized when a 50 per 
cent excess of calcium chloride was used, additional calcium chloride 
could not be expected to react to any great extent. Table XIII shows 
that more calcium was charged into run number 157 than in run number 
156 and that this additional amount was equa.l · to 1.1036 grams. 
Furthermore, a larger amount of calcium chloride was found in the 
condensate of run number 157 .than in run number 156; this difference 
in the weights of calcium chloride was equal to 1.0746 grams. There-
fore, sub~tantially all of the additional calcium chloride was vol-
atilized. It follows, therefore, that any calcium chloride in excess 
of the amount required for complete conversion was volatilized. 
Figure 30 shows that approximately 25 per cent excess of calcium 
chloride was sufficient for almost complete conversion. 
Conclusions 
Ferric orthophosphate was chlorinated by reaction with calcium 
chloride at temperatures ranging from 600°c. to 1200°C. Increasing 
the temperature of the reaction increased the per cent conversion. 
The optimum time under vacuum at, 600°c., was found to be 12 
hours. Longer periods of time did not result in appreciable increase 
in conversion. 
An excess of 50 per cent of calcium chloride gave almost com-
plete conversion of the iron in the charge of ferrous chloride. 
CHAPTER XI 
CHLORINATION OF RHODONITE 
Introduction 
A high grade specimen of rhodonite ore was chlorinated by 
reaction with calcium chloride to produce manganese chloride and 
calcium silicate. A number of reaction conditions were varied, and 
the effects of these variations on the conversion and the grade of the 
condensate were determined. 
Preparation ~ Reactants. A specimen o:f rhodonite from Cum-
mington, Massachusetts was crushed in a jaw crusher and subseque:atly 
screened through 35 mesh. The plus 35 mesh material was wet ground 
in a pebble mill for one and one half hours. All of the ground 
material was minus 35 mesh. The entire sample was mixed and dried. 
Upon drying, the sample was once again mixed and then cut to obtain 
the starting material for the series of runs described in this chapter 
The calcium chloride was a granular, analytical grade reagent of ap-
proximately 20 mesh. 
Experimental Conditions. Three grams o:f rhodonite were used 
in each charge in this series of runs. The rhodonite and the calcium 
chloride were weighed, mixed and briquetted and placed into one of 
the two furnaces. After flushing the system with helium the crucible 
and its charge were rapidly introduced into the hot zone of the 
furnace where they were held for two hours. The system was then 
evacuated and held at a vacuum of three microns for a predetermined 
length of time, then the condenser was lowered and the furnace was 
discharged. 
Experimental ~ 
Condensates. The manganese chloride, as well as some iron and 
calcium chloride was deposited on that portion of the condenser which 
was in the hot zone of the furnace. Generally, the deposits were 
found on two separate portions of the condenser. The iron chloride 
was condensed near the top just under the condenser cap, and below 
the iron deposit a light pink colored condensate of manganese chlo-
ride was deposited. In many cases, a good separation of these com-
pounds could have been made as they were being stripped from the 
condenser. 
Heavy deposits were very easily removed from the condenser. 
In fact, a great amount of care had to be exercised in order to keep 
the condensate from falling from the condenser while it was being 
moved from the furnace to the dry box. A slight jar on any portion 
of the condenser assembly would break large areas of the condensate 
from the condenser. 
Residues. 'Ille residues were generally white or gray. They 
·retained the shape of the original compact at temperatures below 
l000°C. At l000°C. some of the residues fused, and some of them 
bloated and became very porous. Above 1000°C. all of the residues 
fused and were also quite porous. 
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Condition of Crucibl es • The crucibles from almost every run 
had absorbed large quantities of manganese. These crucibles exhibited 
a pink fracture. In most cases, the crucibles in which the residues 
had not fused were in good condition. 
Identification~ Compounds by X-ray: Diffraction. X-ray dif-
fraction patterns were made of the condensates from a number of the 
experiments as well as of the rhodonite. The A.S.T.M. index does not 
give an index for rhodonite, however, magnetite and quartz were found 
to be present in the x-ray pattern. The condensates gave patterns for 
manganese chloride which were similar to the pattern shown in Figure 
18. 
Chemical Analyses. The manganese contents of the condensates, 
the residues and the rhodonite were determined by Volhard's volumetric 
method for manganese determination. The procedure which was followed 
for these analyses was identical to the procedure described in Chapter 
VII. 
Compilation of Results. A series of fourteen runs were made in 
which the time under vacuum~ the temperature, and the composition of 
the charge were varied. The data of Table XIV and Figure 31 show the 
effect of time under vacuum on the manganese content of the products 
of the reactions. The temperature of the reaction was held constant 
at 1000°C. The time under helium atmosphere was two hours. In each 
run two grams of calcium chloride were charged with three grams of 
rhodonite. A rapid increase in conversion was obtained within the 
TABLE XIV 
PER CENT MANGANESE IN THE PRODUCTS OF RHODONI'IE AND 
CALCIUM CHLORIDE REACTED UNDER VACUUM FOR 
VARIOUS LENGTHS OF TIME 
Time under helium atmosphere, 2 hours. 
Temperature, 1000°C. 
Weight rhodonite, 3.0000 gr. 
Weight CaCl2 , 2.0000 gr. 
Per cent manganese in rhodonite, 29.42<1> Mn. 
Run No. 146 148 147 
Furnace No. 1 1 2 
Time Under Vacuum in Hours 0 1.5 ; 
Weight in gr. Condensate i.;926 2.o454 i.1011 
% Mn in Condensate ;4.8 35.7 33.5 
% MnC12 in Condensate 79.7 81.9 76.7 
% Total Mn in Condensate 54.6 82.5 65.2 
Weight in gr. Residue 3.2326 2.5665 2.5;83 
1' Mn in Residue 9.1 3.8 3.8 
% Total Mn in Residue ;3.2 10.9 10.9 
% Mn Accounted for 87.8 93.4 76.1 
TABLE XIV (Continued) 
PER CENr MANGANESE IN THE PRODUC'IB OF RHODONITE AND 
CALCIUM CHLORIDE REACTED UNDER VACUUM FOR 
VARIOUS ·LENGTHS OF TIME 
Time under helium atmosphere, 2 hours. 
Temperature, l000°C. 
Weight rhodonite, 3.0000 gr. 
Weight CaC12 , 2.0000 gr. 
Per cent manganese in rhodonite, 29.42% Mn. 
Run No • . 145 
Furnace No. 1 
Time Under Vacuum in Hours 6 
Weight in gr. Condensate 1.9137 
rip Mn in Condensate 34.1 
% MnC12 in Condensate 78.1 
1o Total Mn in Condensate 73.6 
Weight in gr. Residue 2.5592 
<fa Mn in Residue 4.o 
<fa Total Mn in Residue 11.6 

































O'"-----'~~--"'~-----------.------------------------0 2 4 6 8 10 12 
Time Under Vacuum, in Hours. 
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• Per cent of total manganese charged found in condensate 
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ct Per cent manganese chloride in condensate 
Figure 31. Manganese content of the products of rhodonite and calcium 
chloride reacted under vacuum. Temperature, 1000°C. Time under 
helium, 2 hours. Weight of rhodonite 3.0000 grams. Weight of 
calcium chloride 2.0000 grams. 
first two hours under vacuum. Additional time resulted in no ap-
preciable increase in yield. The grade of the condensate over the 
entire period of time remained constant. 
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Effect 2f_ Temperature. The data of Table XV and Figure 32 show 
the variation of manganese content of the products of the reactions 
with temperature. The curves representing the per cent of the total 
manganese charged which was found in the residues and the curve re-
presenting the per cent of the total manganese charged which was found 
in the condensate should be mirror images of each other. When added 
together they should total 100 per cent; however, in some cases a 
considerable amount of manganese was not accounted for. This loss 
was probably due to the absorption of the manganese by the crucibles. 
Therefore, in the interpretation of the effects of temperature on the 
reaction the curve representing the per cent manganese remaining in 
the residue will be used. 
It can be seen that the amount of manganese which remained in 
the residue decreased with increase in temperature. Above 800°C. no 
additional manganese was removed from the residue. An extrapolation 
of the low temperature end of this curve to the 100 per cent line 
would indicate that no reaction takes place at tenperatures below 
approximately 575°C. 
Variation ~ CaC~ ~· The data presented in Table XVI and 
Figure 33 show the effect of varying the amount of calcium chloride 











PER CENT MANGANESE IN THE PRODUCTS OF RHODONITE AND 
CALCIUM CELORIDE REACTED AT A NUMBER OF 'mMPERATURES 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 1.5 hours. 
Weight rhodonite, 3.0000 gr. 
Weight CaC12 , 2.0000 gr. 
Per cent manganese in rhodonite, 29.42% Mn. 
Run No. 152 
Furnace No. 1 
Temperature 600 
Weight in gr. Condensate o.o43 
% Mn in Condensate 22.3 
~ MnC12 in Condensate 51.1 
°/o Total Mn in Condensate 10.8 
Weight in gr. Residue 4.6660 
°/o Mn in Residue 17.3 
'fa Total Mn in Residue 91.0 























TABLE XV (Continued) . 
PER CENT MANGANESE IN THE PRODUCTS OF RHODONITE AND 
CALCIUM CHLORIDE REACTED AT A NUMBER OF TEMPERATURES 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 1.5 hours. 
Weight rhodonite, ;.oooo gr. 
Weight CaCl2, 2.0000 gr. 
Per cent manganese in rhodonite, 29.42% Mn. 
Run No. 153 
Furnace No. 2 
Temperature 900 
Weight in gr. Condensate 2.0904 
% Mn in Condensate ;1.6 
% MnCl2 in Condensate 72.4 
~ Total Mn in Condensate 74.; 
Weight in gr. Residue 2.5974 
% Mn in Residue 3.1 
°f, Total Mn in Residue 9.1 
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Figure 32. Manganese content of the products of rhodonite and calcium 
chloride reacted at a number of temperatures. Time under helium, 
2 hours. Time under vacuum, 1.5 hours. Weight of rhodonite 
3.0000 grams. Weight of calcium chloride 2.0000 grams. 
TABLE XVI 
PER CENT MAN~ IN THE PRODUCTS OF RHODONI'lE AND 
CALCIUM CHLORIDE REACTED WITH VARIOUS AMOUNTS 
OF CALCIUM C~ORIDE 
Temperature, l000°C. 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 12 hours. 
Weight rhodonite, 3.0000 gr. 
Per cent manganese in rhodonite, 29.421> Mn. 
Run No. 136 137 
Furnace No. 2 1 
Weight in gr. CaCl2 1.0000 1.5000 
Weight in gr. Condensate 0.7969 i.3507 
'fo Mn in Condensate 35.6 
'lo MnC12 in Condensate 81.5 
Gr. MnC12 in Condensate l.lo62 
Gr. CaC12 in Condensate* 0.2445 
'fo Total Mn in Condensate 54.2 
Weight in gr. Residue 2.6679 2.6194 
·"P Mn in Residue 18.7 12.1 
<Ip Total Mn in Residue 56.4 35.6 




























TABLE XVI (Continued) 
PER CENT MANGANESE IN THE PRODUCTS OF RHODONITE AND 
CALCIUM CHLORIDE REACTED WITH VARIOUS AMOUN'IS 
OF CALCIUM CHLORIDE 
Temperature, 1000°C. 
Time under helium atmosphere, 2 hours. 
Time under vacuum, 12 hours. 
Weight rhodonite, 3.0000 gr. 
Per cent manganese in rhodonite, 29.4~ Mn. 
Run No. 138 132 
Furnace No. 2 1 
Weight in gr. CaCl2 2.5000 3.0000 
Weight in gr. Condensate 2.1494 2.678o 
'fo Mn in Condensate 35.2 24.o 
'fo MnC12 in Condensate 8o.8 55.1 
Gr. MnC12 in Condensate 1.7367 1.4756 
Gr. CaC12 in Condensate* o.4127 1.2024 
'fo Total Mn in Condensate 85.4 72.5 
Weight in gr. Residue 2.5961 2.5262 
;, Mn in Residue 1.4 3.1 
'fo Total Mn in Residue 4.2 8.9 




























* Obtained by subtracting the weight of MnC12 in the conden-
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Figure 33. Manganese and calcium content of the products of 
rhodonite and calcium chloride reacted with various ratios 
of rhodonite to calcium chloride. Temperature, 1000°C. Time 


























given above, the curve representing the per cent unreacted rhodonite 
Will be used here to interpret the results. 
Almost complete conversion was realized when two and one half 
grams of calcium chloride were reacted with three grams of rhodonite. 
Additional calcium chloride could not be expected to react to any 
great extent. The curve representing the weight of calcium chloride 
in the condensate indicates that each increase in weight of calcium 
chloride charged, above two and one half grams, resulted in an equal 
increase in the weight of calcium chloride in the condensate. It 
follows therefore, that the excess calcium chloride only diluted the 
manganese chloride in the condensate as shown by the curve represent-
ing the grade of the condensate. 
Conclusions. Rhodonite was chlorinated by reaction with cal-
cium chloride at temperatures ranging from 600° to 1100°C. Increasing 
the temperature of the reaction from 600° to 800°c. increased the 
conversion. The optimum reaction temperature was found to be ap-
proximately 8oo°C. Higher temperatures did not effect higher yields. 
Extrapolation of the data indicated that no reaction could be expected 
at temperatures below 575°C. 
The _ optimum time under vacuum at 1000°C., was found to be two 
hours. Longer period~ of time produced only a small increase in con-
version. 
A ratio of three grams of rhodonite to two and one half grams 
of calcium chloride gave almost complete conversion of the rhodonite 
to manganese chloride. 
CHAPrER XII 
SUMMARY AND CONCLUSIONS 
This investigation has been concerned with the possibility of 
reacting a number of metallic oxides, phosphates, and silicates with 
calcium chloride to produce desirable metallic chlorides. The effect 
of a number of variables on the conversion and the purity of the pro~ . 
duct were studied to determine their practical effects and to see if 
any f1mdamental relationships could be demonstrated. 
These reactions were carried out in an inert atmosphere 8.l;ld 
under a vacuum in order to prevent reoxidation of the chlorides which 
were formed by the reactions. In addition, the vacuum was applied in 
order to displace continuously the reactions to the right by removing 
the newly formed chloride from the reaction zone. Thus, a --separation 
of the chlorides from the residues was effected. 
The major portion of this investigation concerned the quanti-
tative determination of the effects of additives, Al.2 0s, Si~ and ~Os 
on the metallic oxide-calcium chloride reactions. In every case the 
conversion was increased by the additions. _ When it could be deter-
mined exactly which compounds reacted and which -compounds were formed 
by the reactions and when thermodynamic data for these compounds were · 
available, a linear relationship was found to exist between the stand-
ard free energy change accompanying the reaction and the logarithm of 
the weight of the metallic chloride volatilized. Thus, it appears 
possible to predict the amount of metallic chloride which may be pro-
157 
duced when other materials a.re added to the reaction mixture, provid-
ing that the thermodynamic data for the constituents of the reaction 
are known, as well as the composition of the compounds reacted and 
formed. 
The concept of volatilizing chlorides from reaction mixtures is 
not new. However, in most previous work, chloride volatilization re-
actions were carried out at atmospheric pressure and generally in the 
presence of a reducing agent. Very little work has been done to de-
termine the effects of applying a vacuum to the reaction. In this 
investigation quantitative as well as qualitative data were obtained 
for a number of reactions carried out in a vacuum. Some reactions 
were found to take place under a vacuum which do not occur at atmos-
pheric pressure. 
The results from this investigation may have some commercial 
significance when a high conversion and a pure product are obtained. 
It was found that the conversion was high if an excess of chlorinating 
agent was utilized, but increasing the amount of chlorinating agent 
reduced the purity of the product. In almost every reaction carried 
out in this investigation a partial separation of the newly formed 
chloride from the calcium chloride was obtained. If the condensed 
chlorides could be recovered in completely separated zones the 
volatilized chlorinating agent could be recycled by adding it to a 
new charge, and the desired chloride would be of much higher purity. 
Further separation of the chlorides may be realized if the condenser 
temperature could be controlled or if a temperature gradient could be 
established on the condenser. In each case the condenser temperature 
should be loW'er than the ten:perature of the surrm.mdings. Such a 
temperature gradient could be obtained by air cooling the condenser in 
1 
a manner similar to the one described by c. G. Maler. 
Future investigations should consider the fractionation of the 
chlorides as they deposit on the condenser. Many additional compounds 
should be chlorinated with calcium chloride and with other chlorides 
such as sodium chloride, magnesium chloride and iron chloride. The 
possibility of using chlorides with moderate vapor presstire, as 
chlorinating agents, should not be overlooked. For example, ferrous 
chloride has a relatively low vapor pressure and in addition, readily 
combines with oxygen to free its chlorine. 
Thus, the general techniques outlined in this work could be 
used to chlorinate a variety of metal compounds using low cost 
chlorides. The proper choice of chlorine bearing compound plus the 
correct additives would control the intensity of chlorinating condi-
tions and lead to selectivity in the reaction. 
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